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Superconducting phases of f-electron compounds
Christian Pfleiderer∗
Physik Department E21, Technische Universita¨t Mu¨nchen, D-85748 Garching, Germany
Intermetallic compounds containing f-electron elements display a wealth of superconducting
phases, that are prime candidates for unconventional pairing with complex order parameter sym-
metries. For instance, superconductivity has been found at the border of magnetic order as well
as deep within ferro- and antiferromagnetically ordered states, suggesting that magnetism may
promote rather than destroy superconductivity. Superconductivity near valence transitions, or in
the vicinity of magneto-polar order are candidates for new superconductive pairing interactions
such as fluctuations of the conduction electron density or the crystal electric field, respectively.
The experimental status of the study of the superconducting phases of f-electron compounds is
reviewed.
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I. INTRODUCTION
Superconductivity was discovered almost a century
ago. Yet, unexpected and fascinating new variants of
this same old theme are being found at an increasing
pace. This is due to great technical advances in ma-
terials preparation and an increasingly more system-
atic screening of new compounds. Prior to the late
1970s all known superconductors could be accounted for
in terms of a condensate of Cooper pairs, where the
Cooper pairs form due to electron-phonon interactions.
With the discovery of the superfluid phases of 3He this
understanding began to change in two ways (Osheroff
et al., 1972; Vollhardt and Wo¨lfle, 1990). First, 3He
provided an example of non-electron-phonon mediated
pairing. Second, it provided an example of a super-
fluid condensate that breaks additional symmetries. The
discovery of heavy-fermion superconductivity as a prime
candidate for complex order parameter symmetries and
non-electron-phonon mediated pairing in f-electron com-
pounds nearly three decades ago was long recognized as
an important turning point in the history of supercon-
ductivity. However, progress in heavy fermion supercon-
ductivity until not long ago seemed to have been slow.
In recent years especially the superconductivity in the
cuprates, ruthenates, cobaltates, pyrochlores and iron-
pnictides received great attention. However, a spectac-
ular series of discoveries and developments in f-electron
superconductors took place at the same time. While in
the first twelve years following the discovery of heavy-
fermion superconductivity in CeCu2Si2 only five more
heavy fermion superconductors could be identified, over
twenty five additional systems have been found in the
past fifteen years (see Fig. 1). By now over thirty sys-
tems are known, about half of which were discovered in
the past five years alone. This illustrates the speed of
development the field of f-electron superconductivity has
picked up despite its long tradition.
As a result there is growing appreciation that super-
conducting phases of f-electron compounds frequently ex-
ist at the border of competing and coexisting forms of
electronic order. For the majority of systems, includ-
ing the original heavy-fermion superconductors, an in-
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2FIG. 1 Evolution of the total number of f-electron heavy-
fermion superconductors. Systems included in this plot and
covered in this review: 1979 CeCu2Si2; 1984 UBe13, UPt3;
1986 URu2Si2; 1991 UPd2Al3, UNi2Al3; 1993 CeCu2Ge2;
1996 CePd2Si2, CeNi2Ge2; 1997 CeIn3; 2000 CeRhIn5, UGe2;
2001 CeIrIn5, CeCoIn5, URhGe; 2002 PuCoGa5, PrOs4Sb12;
2003 Ce2RhIn8, PuRhGa5; 2004 CeNiGe3, Ce2Ni3Ge5, UIr,
PrRu4P12, CePt3Si, CeIrSi3, CeRhSi3; 2005 PrRu4Sb12; 2007
UCoGe, NpPd5Al2, CeCoGe3, CePd5Al2.
terplay with antiferromagnetism is observed. However,
there are also several examples of superconductivity that
coexists with ferromagnetism. Further examples include
superconductivity at the border of polar order and near
electron localization transitions. Finally, several heavy-
fermion superconductors have even been discovered with
non-centrosymmetric crystal structures and coexistent
antiferromagnetic order. The large variety of systems
found so far establishes unconventional f-electron super-
conductivity as a rather general phenomenon. It also
suggests the existence of further unimagined forms of su-
perconductivity.
The objective of this review is it to give a status re-
port of the experimental properties of the candidates
for unconventional f-electron superconductivity. For a
long time the search for a unified microscopic theory
of f-electron superconductivity has been hampered by
the large differences of the small number of known sys-
tems. Even though the increasing number of systems
has allowed great progress in understanding, a critical
discussion of the theoretical scenarios is well beyond the
length constraints of the present review. For reviews
of selected compounds and theoretical scenarios we re-
fer to (Flouquet, 2006; Flouquet et al., 2006; Grewe and
Steglich, 1991; Joynt and Taillefer, 2002; Maple et al.,
2008; Mineev and Samokhin, 1999; Sauls, 1994; Sigrist,
2005; Sigrist and Ueda, 1991; Thalmeier and Zwicknagl,
2005; Thalmeier et al., 2005).
The outline of this paper is as follows. The intro-
duction is continued in section I, with a short account
of conventional superconductivity and its interplay with
magnetism, Fermi liquid quasiparticle interactions and
advances in materials preparation. In section II we ad-
dress the interplay of antiferromagnetism and supercon-
ductivity. Section III is concerned with ferromagnetism
and superconductivity, while we review the properties of
emergent classes of new superconductors, discovered very
recently, in section IV. Finally, in section V, we sum-
marize evidence for multiple superconducting phases in
UPt3 and tentative indications for such behavior in other
systems as well as for the formation of textures. The pa-
per closes with a short section on the general perspectives
of this field.
A. Superconductivity versus Magnetism
Superconductors derive their name from being perfect
electrical conductors. However, in contrast to ideal con-
ductors superconductors display, as their second defin-
ing property, perfect diamagnetism, i.e., in the supercon-
ducting state sufficiently low applied magnetic fields are
spontaneously expelled. Flux expulsion identifies super-
conductivity as a thermodynamic phase.
Following the discovery of the two defining proper-
ties of superconductors, notably perfect conductivity
and perfect diamagnetism by Onnes in 1911 (Onnes,
1911a,b,c) and Meissner and Ochsenfeld in 1933 (Meiss-
ner and Ochsenfeld, 1933), respectively, it took until 1957
when Bardeen, Cooper and Schrieffer (BCS) proposed
a remarkably successful theoretical framework (Bardeen
et al., 1957). There is a large number of excellent in-
troductory and advanced level textbooks and review pa-
pers, e.g., (de Gennes, 1989; Parks, 1969; Sigrist, 2005;
Tinkham, 1969; Waldram, 1996). BCS theory identifies
superconductivity as the quantum-statistical condensa-
tion of so-called Cooper pairs, which are bound pairs of
quasiparticle excitations in a Fermi liquid. For a simple
Hamiltonian describing attractively interacting quasipar-
ticles in a conduction band, it is possible to show the for-
mation of an excitation gap ∆ in the quasiparticle spec-
trum at the Fermi level EF .
A superconducting transition exists for quasiparticle
systems with both attractive and repulsive components
of the quasiparticle interactions (Morel and Anderson,
1962). For instance, in the presence of electron-phonon
interactions the Coulomb repulsion of conduction elec-
trons is screened and exhibits a retarded attractive inter-
action component below the Debye frequency. Physically
speaking, the electrons avoid the bare Coulomb repulsion
and attract each other in terms of a polarization trace
that decays slowly as compared with the speed of travel
of the electrons. The mathematical form of the Ts is es-
sentially the same as for purely attractive interactions,
but the Coulomb interaction enters in a renormalized
form. The same is also true when keeping track of the full
retarded solution in the Eliashberg strong-coupling for-
malism (Eliashberg, 1960), which leads to the MacMillan
form of Ts (Allen and Dynes, 1975; MacMillan, 1968).
We return to more complex quasiparticle interactions of
strongly correlated electron systems in section I.B.
The experimental characteristics of conventional su-
perconductors derive from the formation of an isotropic
3gap at the Fermi surface. This implies, that bulk prop-
erties such as the specific heat show an exponential tem-
perature dependence below Ts and, in the weak coupling
limit, an anomaly ∆C/γTs = 1.43. At the heart of the
understanding of the superconducting state is the for-
mation of quantum mechanical phase coherence as seen
in several microscopic probes. For instance, the NMR
spin-lattice relaxation rate shows coherence effects like
the Hebel-Slichter peak and an exponential freezing out
below Ts (for a pedagogical discussion with examples see
(Tinkham, 1969; Waldram, 1996)). The rigidity of the
superconductivity against external perturbations is ex-
pressed by the phase stiffness of superconducting conden-
sate, as measured by the coherence length ξ. The length
scale of the variations of the superconducting order pa-
rameter is expressed by the Pippard or Ginzburg-Landau
coherence length.
Taking into account electron-phonon coupling the re-
sulting screened, retarded quasiparticle interactions are
short-ranged, representing essentially contact interac-
tions. For the corresponding Cooper pair wave-function,
which is composed of the product of an orbital and spin-
contribution, this implies that the orbital contribution
has to be in the l = 0 channel (no angular momen-
tum) and the spin part has to have spin-singlet character
(s = 0, opposing spin directions). Otherwise the range of
the attractive interaction component is shorter than the
average distance of the electrons.
Characteristic length scales that determine the way ap-
plied magnetic fields suppress superconductivity are the
coherence length ξ, on the one hand, and the penetra-
tion depth λ, on the other hand. If the ratio κ = λ/ξ
exceeds 1/
√
2 the energy density of the surface separat-
ing the normal and superconducting state turns negative,
and the superconducting state is referred to as being type
II. Here magnetic field penetrates in flux lines carrying
the flux quantum Φ0 = h/2e (Abrikosov, 1952). The
flux lines are organized in a lattice with a geometry that
minimizes the ground state energy. All the compounds
addressed in this review are strong type II superconduc-
tors and the morphology of the flux line lattice yields
key information on the nature of the superconductivity
(for recent work in Nb see (Laver et al., 2006; Mu¨hlbauer
et al., 2009)).
Microscopically, applied magnetic fields suppress su-
perconductivity by interacting either with the orbital or
spin momentum. For pure orbital limiting the upper
critical field, Horbc2 (T → 0) = Φ0/(2piξ2) is connected
with the initial slope of Horbc2 near Ts as H
orb
c2 (T → 0) =
−0.7 dHc2/dT |Ts (Saint-James et al., 1969). This is con-
trasted by pure Pauli limiting of the upper critical field,
which is related to Ts as HPaulic2 (T → 0) = 1.84Ts,
where H is in T and Ts in K (Chandrasekhar, 1962;
Clogston, 1962). The ratio of orbital to Pauli limiting
is expressed by the Maki parameter α =
√
2HPaulic2 /H
orb
c2
(Saint-James et al., 1969). It was also noticed that the
transition at Hc2 for pure Pauli limiting becomes first
order below T † = 0.56Ts (Ketterson and Song, 1999;
Saint-James et al., 1969).
Since the early days of research in superconductivity,
the effect of internal magnetic fields (cf. exchange fields)
on the superconductivity was of great interest. Theo-
retical work suggested that static or dynamic internal
magnetic fields would prevent superconductivity (Berk
and Schrieffer, 1966; Ginzburg, 1957). In the limit of ex-
treme purity and pure Pauli limiting, i.e., large values of
α, a novel state was predicted to be possible, that con-
sists in real-space modulations of superconductivity with
a weakly spin-polarized normal state (Fulde and Ferrell,
1964; Larkin and Ovchinnikov, 1965). We return to the
experimental status of this so-called FFLO phase in f-
electron systems in section V.B.1.
Experimentally the question for internal magnetic
fields in superconducting materials was at first fol-
lowed up in studies of binary and pseudo-binary sys-
tems with rare earth impurities (R) such as La1−xRx and
(Y1−xR−xOs2) (Matthias et al., 1958b). Early studies
suffered from metallurgical complexities due to cluster-
ing and glassy types of magnetic order and were some-
what inconclusive. They motivated, however, more de-
tailed studies which led to a fairly advanced understand-
ing of paramagnetic impurities in superconductors. Re-
views have been given in, e.g., (Maple, 1976, 1995, 2005;
White and Geballe, 1979). Overall it was accepted that
magnetic impurities are detrimental to superconductiv-
ity, while it was also appreciated that conventional super-
conductivity is fairly insensitive to nonmagnetic defects
(Anderson, 1959).
The upshot of these studies has been, that the rate of
suppression of Ts is the highest in the middle of the rare-
earth series (Maple, 1970; Matthias et al., 1958b), consis-
tent with the strongest pair breaking due to magnetic ex-
change interactions (Abrikosov and Gor’kov, 1961; Her-
ring, 1958; Suhl and Matthias, 1959). An exception is
Ce, which causes an anomalously large depression of Ts
due to the strong hybridization of the f-electrons with
the conduction electrons. A more detailed understand-
ing of the effect of magnetic impurities on superconduc-
tors requires an understanding of the properties of mag-
netic moments dissolved in a non-magnetic host. In the
Kondo effect, the conduction electrons hybridize with the
magnetic moment, eventually forming a screening cloud
below a characteristic temperature TK , the Kondo tem-
perature (for an introduction see e.g. (Hewson, 1993)).
Alternatively, the moment may by quenched by low lying
crystal fields. While the former leads to strong Cooper
pair breaking, the latter reduces the effects of pair break-
ing.
Pioneering studies of Ce1−xLaxAl2 revealed the pres-
ence of Kondo screening with a Kondo temperature
TK ∼ 0.2 K (Andrei, 1982; Felsch and Winzer, 1973;
Maple and Fisk, 1968). Ce1−xLaxAl2 displays reentrant
superconductivity (Maple et al., 1972; Riblet and Winzer,
1971), i.e., the superconducting transition at Ts1 is fol-
lowed by a second characteristic temperature Ts2 < Ts1
below which superconductivity vanishes again. The reen-
4trance may be understood as resulting from an increasing
strength of the pair breaking of the paramagnetic im-
purities with decreasing temperature, because TK < Ts
(Mu¨ller-Hartmann and Zittartz, 1971). The strength of
pair breaking due to Kondo screening was also studied in
high pressure experiments on La1−xCex alloys, where the
superconductivity vanishes in a finite pressure interval
for x = 0.02 as the Kondo temperature increases under
pressure (Maple et al., 1972). As a side-effect of detailed
studies in Ce1−xLaxAl2 it was finally also recognized,
that even pure CeAl2 displays a Kondo-effect, thus qual-
ifying as the perhaps first example of a Kondo-lattice
(Buschow and van Daal, 1970; van Daal and Buschow,
1969; Maple, 1969). The effect of crystal electric fields
(CEF) in removing the magnetic moment was studied,
e.g., in the series La1−xPrxTl3, where superconductivity
vanishes only slowly, because the crystal fields reduce the
pair breaking strength with increasing x (Bucher et al.,
1972).
In contrast to a purely competitive form of supercon-
ductivity and magnetism doping studies in the series
Ce1−xGdxRu2 also suggested the possibility of a coex-
istence of superconductivity and magnetism in small pa-
rameter regimes (Hein et al., 1959; Matthias et al., 1958a;
Phillips and Matthias, 1961). By the late 1970s two series
of compounds had been discovered, which display such an
extremely delicate balance of superconductivity and mag-
netism intrinsically, notably the series RRh4B4 where R
is a rare earth and the Chevrel phases such as DyMo6S8
(Bulaevskii et al., 1985; Fertig et al., 1977; Ishikawa and
Fischer, 1977; Moncton et al., 1977). These compounds
are frequently referred to as magnetic superconductors.
As a key feature Ts in these systems is always larger than
the magnetic ordering temperature.
The interplay of magnetism and superconductivity is
exemplified by the series Er1−xHoxRh4B4, in which the
onset of ferromagnetism destroys superconductivity. In
a tiny temperature interval for small x magnetic order
succeeds in coexisting with superconductivity by forming
a modulated state. This firmly suggests that supercon-
ductivity and magnetism are antagonistic forms of order.
However, for selected antiferromagnetic members of this
series even a constructive interplay of magnetism and su-
perconductivity could be inferred from an increase of the
Hc2 below TN . In contrast to the systems reviewed here
superconductivity and magnetism may be viewed as re-
siding in separate microscopic subsystems. Comprehen-
sive reviews of this field may be found in (Fischer, 1990;
Fischer and Maple, 1982; Maple and Fischer, 1982).
As a remark on the side, these compounds also pro-
vided first hints of the Jaccarino-Peter effect (Jaccarino
and Peter, 1962), notably an enhancement of the super-
conductivity when an applied field cancels any internal
magnetic fields. In recent years further compounds have
been discovered with a coexistence in separate subsys-
tems, notably the Ruthenocuprates (Frazer et al., 2001;
Klamut et al., 2001; Otzschi et al., 1999) and the Boro-
carbides RNi2B2C (R=Gd-Lu, Y) (Budko and Canfield,
2006; Mazumdar and Nagarajan, 2005).
The possibility of unconventional superconducting or-
der parameter symmetries had been anticipated theoreti-
cally, when the superfluid phases of 3He were discovered;
excellent reviews may be found in (Leggett, 1975; Voll-
hardt and Wo¨lfle, 1990; Wheatly, 1975). In particular
3He provided a first example of a constructive interplay
of superconductivity and the magnetic properties of the
system. Theoretically it had been suggested that ferro-
magnetic fluctuations may mediate superconductive pair-
ing (Fay and Appel, 1980b; Layzer and Fay, 1971) and
that superconductivity may even exist in itinerant ferro-
magnets (Fay and Appel, 1980a). However, for a long
time there was no evidence supporting this suggestion in
real materials.
During the 1970s great advances were also made in the
understanding of intermediate valence compounds, see
e.g. (Buschow, 1979; White and Geballe, 1979). As a key
feature nonmagnetic members of this group of materi-
als exhibit enhanced Fermi liquid coefficients such as the
linear specific heat γ = C/T or quadratic temperature
dependence of the resistivity A = ∆ρ/T 2. A number of
compounds even displayed particularly strong renormal-
ization effects of the Fermi liquid coefficients, like CeAl3
(Andres et al., 1975). They are known as heavy-fermion
systems. Amongst the heavy fermion systems supercon-
ductivity was for the first time observed in, CeCu2Si2
(Steglich et al., 1979). Due to the large specific heat
anomaly of CeCu2Si2 at the superconducting transition
it was immediately appreciated, that the strongly renor-
malized quasiparticle excitations take part in the pair-
ing. Moreover, under tiny changes of stoichiometry the
ground state of CeCu2Si2 was found to become magneti-
cally ordered. This vicinity to magnetic order suggested
an important role of magnetic correlations in the super-
conductive pairing.
The discovery of heavy fermion superconductivity cre-
ated intense experimental and theoretical efforts. For
early reviews we refer to (Grewe and Steglich, 1991; Stew-
art et al., 1984). However, in the first twelve years fol-
lowing the discovery of superconductivity in CeCu2Si2
(Steglich et al., 1979) only 5 more heavy fermion su-
perconductors were discovered (UBe13 (Bucher et al.,
1975; Ott et al., 1983), UPt3 (Stewart et al., 1984),
URu2Si2 (Maple et al., 1986; Palstra et al., 1985; Schlab-
itz et al., 1984, 1986), UPd2Al3 and UNi2Al3 (Geibel
et al., 1991a,b)). Because the microscopic details of these
systems proved to be remarkably different, a unified theo-
retical understanding turned out to be a great challenge.
B. Roadmap to superconducting phases
In recent years several ingredients have come to light
that prove to be almost universally important in the
search for further examples of superconducting phases
of f-electron compounds. First, an improved appreci-
ation of the quasiparticle interactions in Fermi liquids.
5Second, the experimental ability to tune these interac-
tions in pure metallic systems in a controlled manner
by means of a non-thermal control parameter such as
pressure, stress or magnetic field. Third, and most im-
portant, great advances in materials preparation. In the
following we briefly discuss these developments.
A simple plausibility argument shows, that the super-
conductive pairing in heavy fermion systems is proba-
bly not driven by electron-phonon interactions and that
the order parameter is most likely unconventional, i.e.,
the order parameter breaks additional symmetries. Go-
ing back to the importance of retardation for electron-
phonon mediated pairing and the local character of the
interaction, it is helpful to keep in mind that the speed
of travel of a quasiparticle excitation in heavy fermion
systems typically is reduced by nearly three orders of
magnitude. In turn the effects of repulsive quasiparticle
interaction components for a conventional pairing sym-
metry (l = 0 and s = 0) can no longer be avoided. How-
ever, the repulsive components of the interactions may
be avoided in higher angular momentum and spin states
of the Cooper pairs.
A systematic search for novel forms of superconduc-
tive pairing interactions and pairing symmetries hence
requires a systematic quantitative determination of the
quasiparticle interactions in the presence of strong elec-
tronic correlations. Second, it requires very clean sam-
ples, since unconventional pairing tends to be extremely
sensitive to non-magnetic defects. As a rule of thumb, the
charge carrier mean free path needs to be substantially
larger than the coherence length for superconductivity to
occur.
Quite generally the quasiparticle interactions may be
expressed in terms of the generalized, dynamical response
function of the system. For instance, in systems at the
border of magnetic order this is expressed in terms of the
wave vector and frequency dependent magnetic suscepti-
bility χ(~q, ω); for a pedagogical introduction see (Lon-
zarich, 1997). Experimentally quasiparticle excitation
spectra and the related interaction potentials may be
explored in quantum oscillatory studies. Careful com-
parison of the experimentally observed quasiparticle en-
hancements with the response function determined in,
e.g., neutron scattering allows the development of a sim-
ple description of the generalized quasiparticle interac-
tions.
A program of this kind was first systematically carried
out in the 1980s for weakly and nearly magnetic tran-
sition metal compounds and selected f-electron systems.
For reviews of this work we refer to (Lonzarich, 1980,
1987, 1988). More recent reviews of quantum oscilla-
tory studies may be found in (Onuki, 1993; Onuki and
Hasegawa, 1995; Settai et al., 2007b). As an important
aspect of the early work, it became at the same time pos-
sible to calculate quantitatively the magnetic ordering
temperature of weakly magnetic itinerant-electron sys-
tems (Lonzarich and Taillefer, 1985; Moriya, 1985). This
paved the way for a quantitative analysis of supercon-
ducting pairing interactions in weakly ferromagnetic and
antiferromagnetic compounds, see e.g. (Dungate, 1990),
and eventually allowed an educated guess of which sys-
tems to study (see also (Monthoux et al., 2007)).
The quasiparticle interactions were finally tuned by
means of high hydrostatic pressures in pure samples.
The experiments served to clarify two questions. First,
to identify possible examples of magnetically mediated
superconductivity (for early attempts see e.g. (Cordes
et al., 1981)). Second, to investigate the nature of the
metallic state in the vicinity of a quantum critical point.
Here we briefly note that quantum phase transitions,
quite generally, are defined as phase transitions that are
driven by quantum fluctuations. In practice this means
that quantum phase transitions are zero temperature sec-
ond order phase transitions. In recent years this defini-
tion has been relaxed somewhat and zero temperature
phase transition in general are referred to as quantum
phase transitions (Pfleiderer, 2005). It transpires that
quantum phase transitions represent an extremely rich
field of condensed matter physics. For reviews we refer
to (Belitz et al., 2005; Hertz, 1976; v. Lo¨hneysen et al.,
2007; Monthoux et al., 2007; Sachdev, 1999; Stewart,
2001, 2006; Vojta, 2003).
Besides the advances in understanding the metallic
state in the presence of strong electronic correlations,
great advances have also been achieved in the experi-
mental techniques (for a recent review on the 5f states in
actinides see (Moore and van der Laan, 2009)). Studies
under extreme conditions such as very low temperatures,
high pressures and high magnetic fields are now routinely
available in numerous laboratories.
Probably most important are, however, major im-
provements in materials preparation. For instance, ma-
jor improvements have been achieved by means of the
purification of the starting elements. Electro-transport
of, e.g. uranium, under ultra-high vacuum was found
to be extremely efficient in removing impurities such as
Fe and Cu (Fort, 1987; Haga et al., 1998). Electro-
transport in combination with annealing under ultra-high
vacuum has also been used to promote the formation of
large single-crystal grains and improve the sample qual-
ity (Haga et al., 2007; Matsuda et al., 2008; Schmidt and
Carlson, 1976). For the growth of high vapor pressure
compounds a closed crucible annealing technique was de-
veloped (Assmus et al., 1984). In many materials the
combination of ultra-high vacuum with an inert gas at-
mosphere is sufficient to obtain large high-quality single
crystals (McDonough and Huxley, 1996). This cannot
be underestimated given that both the rare earth and
actinide elements readily react, especially with oxygen,
hydrogen and nitrogen. Advances in the understanding
of the phase diagrams of binary and ternary compounds
has motivated the improvement and extensive use of tech-
niques like traveling-solvent float-zoning or the controlled
use of flux methods, e.g., in the skutterudites or the series
of CenMmIn3n+2m compounds. Finally in recent years
an increasing number of groups explores the use of opti-
6cal floating-zone furnaces for the growth of intermetallic
compounds, see e.g. (Souptel et al., 2007). For example
large single crystals have been grown of UNi2Al3 (Mi-
halik et al., 1997) and of URu2Si2 (see e.g. (Pfleiderer
et al., 2006)). It is expected that this technique will play
a very important role in the future.
A frequent objection in materials preparation concerns
the relative importance of the various aspects. For in-
stance, it is believed that the accuracy at which per-
fect stoichiometry can be achieved generally outweighs
any efforts put into the purification of the starting ele-
ments. Empirically this is contrasted by the impressive
list of unusual phenomena such as unconventional su-
perconductivity that have been discovered in ultra-pure
compounds. The perhaps most important challenge in
materials preparation is the lack of methods for charac-
terization. Generally speaking, high sample quality is
proven by the combination of standard characterization
(x-ray diffraction, microprobe, etc.) plus the physical
properties themselves. This shows that despite all of the
technical achievements the growth of high quality sin-
gle crystals continues to require great physical intuition,
systematic work and a fair bit of luck.
II. INTERPLAY OF ANTIFERROMAGNETISM AND
SUPERCONDUCTIVITY
In this section we review the interplay of antiferromag-
netism and f-electron superconductivity. Section [II.A],
reviews systems where superconductivity emerges at the
border of itinerant antiferromagnetism. In particular
properties of the series CeM2X2 and CenMmIn3n+2m are
addressed. Section [II.B] is concerned with supercon-
ductivity in antiferromagnetic compounds. This includes
large moment systems like UPd2Al3 and UNi2Al3 as well
as small moment systems like UPt3 and URu2Si2.
A. Border of antiferromagnetism
1. The series CeM2X2
The discovery of heavy fermion superconductivity
in CeCu2Si2 (Steglich et al., 1979) marked the start-
ing point of unconventional superconductivity (Grewe
and Steglich, 1991; Sparn et al., 2006; Stewart et al.,
1984; Thalmeier et al., 2005). CeCu2Si2 crystallizes in
the tetragonal ThCr2Si2 crystal structure as summa-
rized in table I. The heavy-fermion superconductivity in
CeCu2Si2 generated great interest in the isostructural
series of CeM2X2 compounds, where M is a transition
metal (M=Cu, Au, Rh, Pd, Ni) and X=Si or Ge. Be-
cause most members of this series exhibit antiferromag-
netic order (Grier et al., 1984; Thompson et al., 1986), it
represented a major break-through for the entire field,
when superconductivity was discovered in CeCu2Ge2,
CeRh2Si2, and in particular CePd2Si2, as well as incipi-
ent superconductivity in CeNi2Ge2. For a summary see
FIG. 2 Variations of the tetragonal BaAl4 crystal structure.
The ThCr2Si2 structure is frequently found amongst CeM2X2
compounds reviewed in section II.A.1. The BaNiSn3 crys-
tal structure, which lacks inversion symmetry, is typical of
the CeMT3 compounds reviewed in section IV.A. Amongst
f-electron systems with the non-centrosymmetric CaBe2Ge2
structure no compounds are known that exhibit supercon-
ductivity. Plot taken from (Kimura et al., 2007b).
also table I. Being a derivative of the BaAl4 parent struc-
ture, the ThCr2Si2 structure is intimately related to the
BaNiSn3 and CaBe2Ge2 types of structures as illustrated
in Fig. 2. A surprise in recent years was the discovery of
superconductivity in several Ce-based compounds with
the non-centrosymmetric BaNiSn3 structure, because it
was believed that triplet superconductivity cannot exist
in crystal structures lacking inversion symmetry. For an
account of this work we refer to section IV.A.2. Interest-
ingly no superconductivity has so far been found amongst
the CaBe2Ge2 relatives of the ThCr2Si2 series, which is
also non-centrosymmetric.
a. CeCu2Si2 & CeCu2Ge2 The ground state properties of
CeCu2Si2 are extremely sensitive to the precise Cu con-
tent, which may be controlled by an annealing procedure
under Cu vapor (Assmus et al., 1984). Samples with
heavy-fermion superconductivity, antiferromagnetism or
a combination thereof may be obtained, which are re-
ferred to as (S), (A) or (AS), respectively. For Cu de-
ficient samples the SDW order is stabilized and super-
conductivity destroyed, while the SDW is destabilized
and the superconductivity stabilized for Cu excess. On
the level of changes of less than a few % of composi-
tion achieved under Cu annealing, it is believed that the
changes of properties originate mostly in changes of unit
cell volume (Trovarelli et al., 1997). This may be inferred
also from doping with Ge which, being larger than Si, sta-
bilizes the SDW, while hydrostatic pressure destabilizes
the SDW and stabilizes the superconductivity (Krimmel
and Loidl, 1997; Trovarelli et al., 1997). In the following
it proves to be convenient to address S-type samples first.
Quite generally the normal state of CeCu2Si2 is char-
acteristic of a heavy Fermi liquid with C/T = γ =
1 J/mol K2 and an equally enhanced Pauli susceptibility.
The heavy fermion state develops in a crystal electric field
ground state Kramers doublet and a first and second ex-
7TABLE I Key properties of superconductors in the series CeM2X2 (M: Cu, Pd, Rh, Ni; X: Si, Ge) and various miscellaneous
Ce-based systems. Missing table entries may reflect more complex behavior discussed in the text. References are given in
the text. Critical field values represent extrapolated T = 0 values. (AF: antiferromagnet, SC: superconductor, ISC: incipient
superconductor)
CeCu2Si2 CeCu2Ge2 CePd2Si2 CeRh2Si2 CeNi2Ge2 CeNiGe3 Ce2Ni3Ge5 CePd5Al2
structure tetragonal tetragonal tetragonal tetragonal tetragonal orthorh. orthorh. tetragonal
type ThCr2Si2 ThCr2Si2 ThCr2Si2 ThCr2Si2 ThCr2Si2 SmNiGe3 U2Co3Si5 ZrNi2Al5
space group I4/mmm I4/mmm I4/mmm I4/mmm I4/mmm Cmmm Ibam I4/mmm
a(A˚) 4.102 4.186 4.223 4.092 4.150 21.808 9.814 4.156
b(A˚) 9.930 10.299 9.897 10.181 9.842 4.135 11.844 4.156
c(A˚) 9.930 10.299 9.897 10.181 9.842 4.168 5.963 14.883
c/a 2.420 2.460 2.343 2.488 2.372 - - -
state AF, SC AF, SC AF, SC AF, SC ISC AF, SC AF, SC AF, SC
TN (K) 0.8 4.15 10 36, 25 - 5.5 5.1, 4.5 3.9, 2.9
~Q (0.22, 0.22, 0.53) (0.28, 0.28, 0.53) (0.5, 0.5, 0) (0.5, 0.5, 0) - - - -
- - - (0.5, 0.5, 0.5) - - - -
µord(µB) 0.1 1 0.62 1.42, 1.34 - 0.8 0.4 -
γ(J/mol K2) 1 0.062 0.027 - - 0.09 0.056
Tmaxs (K) 0.7, 2.5 0.64 0.4 0.42 0.3, 0.4 0.45 0.26 0.57
pmaxs (kbar) 0, 30 70 28 10 0, 18 70 36 108
∆C/γnTs 1.4 - - - - - - -
Habc2 (T) 0.45 2 0.7 - - 1.55 0.7 0.25
d
dT
Habc2 (T/K) - -11 -12.7 - - -10.8 - -1.04
Hcc2(T) - - 1.3 0.28 - - - -
d
dT
Hcc2(T/K) - - -16 -1 - - - -
ξab0 (A˚) - 90 300 - - 100 210 -
ξc0(A˚) - - 230 340 - - - -
year of disc. 1979 1993 1996 1996 1996 2004 2005 2007
cited doublet at 12.5 meV and 31 meV (Horn et al., 1981).
S-type samples of CeCu2Si2 display Ts = 0.7 K, accompa-
nied by a distinct specific heat anomaly ∆C/γTs = 1.4.
This established for the first time that heavy quasiparti-
cles may undergo superconductive pairing. Under mag-
netic field the superconductivity exhibits strong Pauli
limiting with Hc2 ≈ 0.45 T (Rauchschwalbe et al., 1982).
The leading order temperature dependence of the spe-
cific heat C(T ), thermal expansion α (Lang et al., 1991)
and penetration depth λ (Gross et al., 1988) vary as T 2
characteristic of line nodes. NMR and NQR show the
absence of a Hebel-Slichter peak and a power law depen-
dence of the spin-lattice relaxation rate, also suggesting
line nodes (Ishida et al., 1999; Kawasaki et al., 2004).
The magnetic phase diagram of CeCu2Si2 for magnetic
field applied along the a-axis in the basal plane is fairly
complex (Bruls et al., 1990, 1994; Steglich et al., 2001).
Ultrasound and thermal expansion measurements early
suggested the presence of two spin density wave phases,
referred to as A- and B-phase, respectively. Magnetic
field suppresses at first the superconductivity above Hc2,
where the A-phase is restored. The B-T boundary of
the A-phase is reminiscent of Hc2(T ), as if the A-phase
encompasses the superconductivity. Above a critical field
Hc ≈ 6.4 T magnetic field suppresses the A-phase and
stabilizes the B-phase. Only little is known about the
nature of the B-phase.
Microscopic evidence for SDW order in CeCu2Si2 was
missing for nearly 25 years. Progress was made only
recently by tracking systematically the incommensurate
spin-density wave order of CeCu2Ge2 as a function of
increasing Si-content. It was found that the ordering
wave vector changes little as function Si content, yielding
a value of ~Q = (0.215, 0.215, 0.530) /(r.l.u) in AS sam-
ples of CeCu2Si2 (Stockert et al., 2004). The neutron
scattering studies identified an incommensurate spin-
density wave in the A-phase with a small ordered moment
µord ≈ 0.1µB per Ce site in CeCu2Si2, which evolves
from the antiferromagnetic order in CeCu2Ge2 continu-
ously with increasing Si-content. The ordering wave vec-
tor agrees thereby with the nesting wave vector found in
Fermi surface calculations (Zwicknagl and Pulst, 1993).
For the (AS) samples antiferromagnetism and supercon-
ductivity are mutually exclusive and separated by a first
order phase transition (Sparn et al., 2006).
8As a function of pressure Ts in S-type CeCu2Si2 in-
creases around 2 GPa and enters a plateau of 2.25 K
above 2.5 GPa, followed by a moderate decreases with
a small shoulder around 7 GPa as shown in Fig. 3 (Bel-
larbi et al., 1984; Thomas et al., 1993). The unusual
pressure dependence early on suggested that Ts(p) may
be explained in terms of two or more pairing interac-
tions. The discovery of superconductivity in CeCu2Ge2
(Jaccard et al., 1992) and CeRh2Si2 (Movshovich et al.,
1996), but in particular in CePd2Si2 (Mathur et al.,
1998), underscored the idea that superconductivity in
CeCu2Si2 is somehow related to the magnetic proper-
ties. At the border of the A-phase NFL properties of
the normal metallic state were observed characteristic of
quantum critical spin fluctuations, where ∆ρ(T ) ∝ T 3/2
and C/T = γ = γ0 − α
√
T (Gegenwart et al., 1998).
Under moderate doping with Ge, which introduces
pair breaking defects, the superconducting phase dis-
integrates into two domes as shown in Fig. 3 (Holmes
et al., 2004; Yuan et al., 2004). Based on these studies
two pairing interactions were proposed: antiferromagnet-
ically mediated pairing in the vicinity of the SDW and
pairing by charge density fluctuations in the vicinity of a
valence transition at high pressures. The latter consists
in fluctuations that originate in a Ce3+ to Ce+4 change of
valence, where the 4f electron is delocalized in the high
pressure Ce4+ state. We also address the question of
charge fluctuation mediated pairing in section IV.B.1.
The superconducting pairing symmetry has been re-
visited with the knowledge of the incommensurate SDW
and band structure calculations based on the renormal-
ized LDA (Thalmeier et al., 2005). A superconducting
d-wave singlet state, dx2−y2 , and the SDW order are
here treated as two competing ordering phenomena. The
model accounts for the change from the incommensurate
SDW order in the A-phase to superconductivity, where
both order parameters have the Γ3 symmetry imposed
by the crystal electric fields.
Analogies of the thermopower in superconducting
samples of CeCu2Si2 with CeCu2Ge2 finally motivated
high pressure experiments in CeCu2Ge2 (Jaccard et al.,
1992). At ambient pressure CeCu2Ge2 orders anti-
ferromagnetically below TN = 4.15 K into an incom-
mensurate sinusoidally modulated structure with ~Q =
(0.284, 0.284, 0.543) ± 0.001 and an ordered moment
µord = 0.74µB (Knopp et al., 1989; Krimmel et al., 1997).
The low temperature properties develop in a crystal elec-
tric field environment of a ground state doublet and a
first excited quartet at 19.1 meV. The metallic state of
CeCu2Ge2 is moderately enhanced.
Under pressure the Ne´el temperature of CeCu2Ge2 de-
creases and vanishes at pN ≈ 70 kbar (Jaccard et al.,
1992). Superconductivity appears above the critical pres-
sure, where Ts ≈ 0.64 K is only weakly pressure depen-
dent and extends over a wide range, where Hc2 ≈ 2 T
with a large initial slope dHc2/dT = −11 T/K. This sug-
gests a coherence length of order ξ = 90 A˚. The struc-
tural similarity and lack of pressure dependence of Ts
FIG. 3 Temperature versus pressure phase diagram of
CeCu2Si2−xGex. The pressure dependence of the supercon-
ducting transition temperature, here denoted Tc, in S-type
CeCu2Si2 exhibits a plateau between 20 and 70 kbar (black
dots). Weak impurity scattering in moderately Ge doped
CeCu2Si2 decomposes the superconductivity into two domes,
one (red) at the border of antiferromagnetism and the other
(green) at a presumed valence transition. Plot taken from
(Thalmeier et al., 2005), representing a compilation of several
studies as described in the text.
suggested an intimate similarity with CeCu2Si2. In fact
evidence for a valence transition at ∼150 kbar, where Ts
is largest, has been inferred from x-ray diffraction (On-
odera et al., 2002).
b. CePd2Si2 & CeNi2Ge2 The intense studies of the
quasiparticle interactions in weakly ferromagnetic tran-
sition metal compounds and selected f-electron systems
mentioned above (Lonzarich, 1980, 1987, 1988) resulted
in quantitative estimates of magnetically mediated super-
conductivity at the border of weak ferromagnetism. This
motivated detailed high pressure studies in MnSi (Pflei-
derer et al., 1993, 2001a, 1997b, 2004) and related com-
pounds. It inspired also studies of the suppression of an-
tiferromagnetism under pressure of the isostructural and
isoelectronic siblings CePd2Si2 and CeNi2Ge2 reviewed
in the following.
At ambient pressure CePd2Si2 may be described as
intermediate valence system. At high temperatures the
resistivity varies weakly with temperature, followed by
a rapid decrease below ∼ 50 K and a sharp drop at the
onset of antiferromagnetic order at TN ≈ 10 K. The an-
tiferromagnetic order in CePd2Si2 consists of alternat-
ing ferromagnetic sheets with ~Q = (1/2, 1/2, 0) where
the moments are oriented along [110], i.e., they reside
in the tetragonal basal plane (Grier et al., 1984). The
magnetism has been interpreted as local moment like,
with a reduced ordered moment µord = 0.62µB in the
crystal field environment (van Dijk et al., 2000). The
CEF level scheme of the localized Ce3+ 4f1 electrons
9have been determined from the susceptibility and inelas-
tic neutron scattering as a sequence of three Kramers
doublets: Γ(1)7 (0), Γ6(19 meV), Γ
(2)
7 (24 meV). The metal-
lic state may be described as a Fermi liquid with a mod-
erately enhanced value of γ = 0.062 J/mol K2 (Steeman
et al., 1988).
Under pressure TN in CePd2Si2 decreases and vanishes
linearly at pc ≈ 28 kbar (Grosche et al., 1996; Mathur
et al., 1998; Thompson et al., 1986). Superconductivity
has been observed in the immediate vicinity of pc with a
maximum of Ts ≈ 0.4 K, as shown in Fig. 4. The observa-
tion of a wide superconducting dome in some experiments
could be traced to pressure inhomogeneities (Raymond
and Jaccard, 2000; Sheikin et al., 2001). The gradual
decrease of TN with pressure suggested that the antifer-
romagnetic order vanishes continuously at pc. This has
been confirmed more recently in neutron scattering ex-
periments of the staggered magnetization (Kernavanois
et al., 2005). The expected abundance of quantum crit-
ical spin fluctuations near pc is consistent with the tem-
perature dependence of the electrical resistivity, which
displays a power law dependence ∆ρ ∼ T 1.2 over a wider
temperature range (Grosche et al., 1996; Mathur et al.,
1998). In the context of these fluctuations it has been
suggested that the fluctuations in CePd2Si2 exhibit a re-
duced dimensionality.
Based on its vicinity to a quantum critical point the su-
perconducting pairing interaction was attributed to the
exchange of antiferromagnetic spin fluctuations (Grosche
et al., 1996; Mathur et al., 1998). Several pieces of ev-
idence suggest unconventional pairing, where a d-wave
state appears to be the most promising candidate. The
upper critical field and its initial variation are large
and anisotropic, where Hcc2 = 1.3 T with dH
c
c2/dT =
−16 T/K and Habc2 = 0.7 T with dHabc2 /dT = −12.7 T/K
(Sheikin et al., 2001). These values suggest anisotropic
Pauli limiting, where weak or strong coupling behavior
cannot be distinguished unambiguously. The correspond-
ing coherence lengths are quite short with ξab = 300 A˚
and ξc = 230 A˚.
The search for a compound in the CeM2X2 series with
lattice parameters and electronic structure at ambient
pressure that are akin to CePd2Si2 near pc motivated fur-
ther detailed studies of CeNi2Ge2 (publication of these
studies was delayed for a long time and have been re-
viewed in (Grosche et al., 2000)). The temperature ver-
sus pressure phase diagram of single-crystal CeNi2Ge2 as
determined in resistivity measurements is shown on the
right hand side of Fig. 4. The phase diagram is dominated
by a non-Fermi liquid form of the resistivity at ambient
pressure and indications of incipient superconductivity
below Ts ∼ 0.3 K. Further studies of the specific heat
and susceptibility of polycrystalline samples even suggest
that CeNi2Ge2 at ambient pressure displays a genuine
non-Fermi liquid ground state (Gegenwart et al., 1999).
In particular the specific heat shows a logarithmic diver-
gence C/T ∼ lnT0/T and the susceptibility a square root
divergence χ ∼ √T for T → 0
FIG. 4 Combined temperature versus pressure phase diagram
of the isostructural, isoelectronic pair of systems CePd2Si2
and CeNi2Ge2, where superconductivity is observed at the
border of antiferromagnetism and at low and high pressures,
respectively. Plot taken from (Grosche et al., 2000).
Neutron scattering in CeNi2Ge2 established high-
energy spin fluctuations with a characteristic energy
of 4 meV at an incommensurate wave-vector ~q =
(0.23, 0.23, 0.5) (F˚ak et al., 2000). The wave-vector is
in remarkable agreement with the ordering wave-vector
of the spin density wave in CeCu2Si2 and CeCu2Ge2.
The spin fluctuations are quasi-two dimensional, charac-
teristic of a sine-modulated structure with the magnetic
moments in the [110] plane. With decreasing temper-
ature no critical slowing down of the high-energy spin
fluctuations in CeNi2Ge2 is observed.
Another surprise in CeNi2Ge2 was the observation of
additional hints of superconductivity at high pressure
(Grosche et al., 2000, 1997b). The origin of this super-
conductivity could not be related to a particular instabil-
ity in the spirit of a quantum phase transition, where an
anomaly of unknown origin in the normal state resistivity
was denoted Tx. One possibility is a valence transition
like that considered in CeCu2Si2, but this has not been
explored further. The evidence for superconductivity in
CeNi2Ge2 is purely based on the resistivity, while no ev-
idence for bulk superconductivity has been found in the
samples studied to date.
c. CeRh2Si2 A pressure induced transition from an an-
tiferromagnetic ground state to superconductivity exists
also in CeRh2Si2 (Movshovich et al., 1996). The obser-
vation of superconductivity in this system is remarkable,
because it occurs at a fairly pronounced first order quan-
tum phase transition that may be related to the delocal-
ization of the 4f electron. The properties of CeRh2Si2
have been reviewed in (Settai et al., 2007b).
At ambient pressure CeRh2Si2 orders antiferromag-
netically below TN1 ≈ 36K (Thompson et al., 1986).
Neutron scattering establishes an ordering wave vec-
tor ~Q1 = (1/2, 1/2, 0) with the moments aligned along
[1, 0, 0] (Kawarazaki et al., 2000). The single- ~Q structure
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changes into a four- ~Q structure below TN2 ≈ 24 K de-
scribed by two ordering wave vectors, ~Q1 = (1/2, 1/2, 0)
and ~Q2 = (1/2, 1/2, 1/2). The ordered moment is quite
large and differs slightly for the different Ce sites, namely
1.42µB at the corner site of the tetragonal structure and
1.34µB at the body-centered Ce site. The size of the
ordered moment is consistent with CEF-split localized
4f1 state of the Ce-atom, which when taken together
with the entropy released at TN , ∆S(TN ) ≈ R ln 2 sug-
gests a CEF Kramers doublet. As a function of magnetic
field the antiferromagnetism is suppressed above ∼ 26 T
(Settai et al., 1997). The metallic state is described
by a weakly enhanced linear term in the specific heat
γ = 0.027 J/mol K2 (Graf et al., 1997) and a quadratic
temperature dependence of the resistivity (Araki et al.,
2002a; Grosche et al., 1997a; Ohashi et al., 2002).
As a function of pressure both TN1 and TN2 decrease
and vanish at pN1 = 10 kbar and pN2 = 6 kbar, respec-
tively (Kawarazaki et al., 2000). A narrow dome of su-
perconductivity emerges precisely at pN1, where Tmaxs ≈
0.42 K (Movshovich et al., 1996) with Hc2 = 0.28 T and
dHc2/dT = −1 T/K for the c-axis, corresponding to a
coherence length of the order ξc ≈ 340A˚.
Under pressure the ordered moment tracks TN1, where
both drop fairly abruptly at pN1. The specific heat coef-
ficient γ increases to 0.08 J/mol K2 at pN1 and gradually
decreases at higher pressures (Graf et al., 1997), while
the resistivity exhibits a T 2 resistivity at all pressures,
where the T 2 coefficient tracks the pressure dependence
of γ consistent with the Kadowaki-Woods ratio (Araki
et al., 2002a; Grosche et al., 1997a; Ohashi et al., 2002).
These features early on suggested a first order transi-
tion at pN1. Unambiguous evidence for a first order
suppression of antiferromagnetism was obtained in quan-
tum oscillatory studies as a function of pressure (Araki
et al., 2001, 2002b). More specifically, from the Fermi
surface sheets observed it was concluded that the 4f elec-
tron changes discontinuously from a local to an itinerant
state at pN1. This scenario has received further support
in recent studies of the thermal expansion under pressure
(Villaume et al., 2007).
2. The series CenMmIn3n+2m
The series CenMmIn3n+2mwith M=Co, Ir, Rh displays
heavy fermion superconductivity with very high transi-
tion temperatures, as compared to other Ce-based sys-
tems. The systems of interest are summarized in table
II. This suggests that a reduction from 3 to 2 dimensions
is favorable to superconducting pairing. The supercon-
ductivity in these systems appears to be tied to the anti-
ferromagnetic order, where similarities with the cuprates
have been pointed out. The interplay of magnetism
with superconductivity includes thereby several tenta-
tive quantum critical points under pressure and magnetic
field, which are all of general interest. There is finally
strong evidence for the formation of a FFLO state in
FIG. 5 Depiction of the structural series CenMmIn3n+2m.
The infinite layer system CeIn3 is shown on the left, the sin-
gle layer systems are shown in the middle, the double layer
systems, which are intermediate to the infinite and the sin-
gle layer systems are shown on the right. Also indicated are
typical muon stopping sites in the double layer system. Plot
taken from (Morris et al., 2004)
CeCoIn5. Status reports on the series of CenMmIn3n+2m
compounds have been given in (Sarrao and Thompson,
2007; Settai et al., 2007b).
For a more detailed review it is helpful to begin with
the crystal structure of the series CenMmIn3n+2m. CeIn3
crystallizes in the cubic Cu3Au structure, space group
Pm3m, with a lattice constant a = 4.690 A˚. The tetrago-
nal crystal structure of the series CenMmIn3n+2m may
be derived from the cubic parent compound CeIn3 in
terms of n-fold layers of CeIn3 separated by m-fold lay-
ers of MIn2. For the single-layer compounds n = m = 1
(CeMIn5) one layer of MIn2 is added while in the double-
layer compounds n = 2, m = 1 (Ce2MIn8) a single layer
of MIn2 is added for every two layers of CeIn3. Within
this general scheme CeIn3 may therefore be referred to
as ∞-layer system (n =∞, m = 0).
The low temperature properties of CenMmIn3n+2m de-
velop in a crystal electric field scheme that is intimately
related for all members of the series. For CeIn3 the CEFs
split the J = 5/2 manifold into a Γ7 ground state doublet
and a Γ8 quartet at around 12m˙eV (Benoit et al., 1980;
Christianson et al., 2004; Groß et al., 1980; Lawrence
and Shapiro, 1980; Murani et al., 1993). For the series
CeMIn5 the quartet is further split into two Γ7 and Γ6
Kramers doublets, where values of the first and second
energy levels are given in table II (Christianson et al.,
2004).
The series CenMmIn3n+2m exhibits metallic behavior
with a fairly weak temperature dependence of the resis-
tivity at high temperatures. With decreasing tempera-
ture the resistivity decreases monotonically with a shoul-
der around 50 to 100 K before decreasing drastically to
a very low residual value of a few µΩcm. The normal
state resistivity and magnetic anisotropy for the single-
and double-layer series are weakly anisotropic by a factor
of two. The susceptibility displays a strong Curie-Weiss
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TABLE II Key properties of the series CenMmIn3n+2m and Pu- and Np-based heavy-fermion superconductors. Missing table
entries may reflect more complex behavior discussed in the text. References are given in the text. Values of Hc2 are extrapolated
for T → 0.
CenMmIn3n+2m CeIn3 CeCoIn5 CeRhIn5 CeIrIn5 Ce2RhIn8 PuCoGa5 PuRhGa5 NpPd5Al2
structure cubic tetragonal tetragonal tetragonal tetragonal tetragonal tetragonal tetragonal
space group Pm 3m P4/mmm P4/mmm P4/mmm P4/mmm P4/mmm P4/mmm I4/mmm
a(A˚) 4.690 4.614 4.652 4.668 4.665(1) 4.2354 4.3012 4.148
c(A˚) - 7.552 7.542 7.515 12.244(5) 6.7939 6.8569 14.716
c/a 1 1.63676 1.62124 1.6099 2.624 1.604 1.594 3.547
B0(GPa) 67.0± 3.0 78.2± 1.8 78.4± 2.0 87.6± 2.0 71.4± 1.1 - - -
dB0/dp 2.5± 0.5 3.94± 0.41 5.60± 0.62 5.04± 0.58 3.85± 0.31 - - -
κa(10
−3GPa−1) 4.98± 0.13 4.35± 0.08 3.96± 0.08 3.44± 0.06 4.20± 0.04 - - -
κc(10
−3GPa−1) 4.98± 0.13 3.43± 0.16 4.22± 0.1 3.48± 0.08 4.85± 0.11 - - -
CEF scheme (Γ7, Γ8) (Γ
1
7, Γ
2
7, Γ6) (Γ
1
7, Γ
2
7, Γ6) (Γ
1
7, Γ
2
7, Γ6) - - - -
∆1, ∆2 (meV) 12 8.6, 25 6.7, 29 6.9, 24 - - - -
state AF, SC SC AF, SC SC AF, SC SC SC SC
TN (K) 10.2 - 3.8 - 2.8, 1.65 - - -
~Q ( 1
2
, 1
2
, 1
2
) - ( 1
2
, 1
2
, 0297) - ( 1
2
, 1
2
, 0) - - -
µord(µB) 0.48 - 0.37 - 0.55 - - -
µaeff (µB) - - - - - 0.75 0.8 3.22
ΘaCW (K) - - - - - - - -42
µceff (µB) - - - - - 0.75 0.8 3.06
ΘaCW (K) - - - - - - - -139
γ(J/molK2) 0.14 - 0.4 0.72 0.4 0.077 0.07 0.2
pN (kbar) 25 - 17 - ∼ 25 - - -
Ts(K) 0.19 (pN ) 2.3 2.12 (pN ) 0.4 1.1 18.5 8.7 4.9
∆C/γnTs - 4.5 0.36 0.76 - 1.4 0.5 2.33
Habc2 (T) 0.45 11.6-11.9 - 1.0 5.4 - 27 3.7
d
dT
Habc2 /(T/K) -3.2 -24 - -4.8 -9.2 -10 -3.5 -6.4
Hcc2(T) 0.45 4.95 10.2 0.49 - - 15 14.3
d
dT
Hcc2/T (T/K) -2.5 -8.2 -15 -2.54 - -8 -2 -3.1
dTs/dt (K/month) - - - - - -0.24 -0.39 -
ξab0 (A˚) 300 82 57 260 - - 35 -
ξc0(A˚) - 53 - 180 77 - 45 -
κGL,a(A˚) - 108 - - - - - -
κGL,c(A˚) - 50 - - - - - -
κGL(A˚) - - - - - 32 - 28
discovery of SC 1997 2001 2000 2001 2003 2002 2003 2007
temperature dependence, where the effective fluctuating
moment for the easy axis corresponds to the free Ce3+
ion. The specific heat is characteristic of strong elec-
tronic correlations with a strongly enhanced electronic
contribution. However, closer inspection shows that the
temperature dependence of these electronic contributions
are more complex and typical of non-Fermi liquid behav-
ior, as discussed below.
a. CeIn3 We begin with the cubic system CeIn3, which
displays a strikingly simple temperature versus pressure
phase diagram shown in Fig. 6. Here the superconduc-
tivity forms a well-defined dome around an antiferro-
magnetic QCP. This makes CeIn3 an important point
of reference for those systems in the series that are more
two-dimensional.
The properties of CeIn3 are typical of a valence fluc-
tuating compound, i.e., by comparison to traditional
heavy fermion systems they are moderately enhanced
with γ = 0.14 J/mol K2. The characteristic spin fluc-
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tuation temperature is fairly high TSF = 50 − 100 K
(Lawrence, 1979; Morin et al., 1988). At ambient pres-
sure CeIn3 orders antiferromagnetically below a Ne´el
temperature TN = 10.2 K into a type 2 state with order-
ing wave vector ~Q = (1/2, 1/2, 1/2), i.e., ferromagnetic
planes of alternating direction stacked along the (111)
cubic space diagonal (Benoit et al., 1980; Lawrence and
Shapiro, 1980). The zero temperature ordered moment
µord ≈ 0.47µB is reduced as compared to the value of
∼ 0.71µB, expected in the CEF ground state given by a
Γ7 doublet. It is also reduced as compared to the Curie-
Weiss moment. This is typical of weak itinerant mag-
netism, where inelastic neutron scattering shows antifer-
romagnetic magnons as well as quasielastic and crystal
field excitations (Knafo et al., 2003).
Under hydrostatic pressure the Ne´el temperature in
CeIn3 decreases and vanishes continuously at pN ≈
25 kbar (Morin et al., 1988) consistent with a QCP
(Fig. 6). The temperature dependence of the electrical
resistivity changes from a quadratic temperature depen-
dence at ambient pressure to ∆ρ ∼ T 1.5 in a narrow in-
terval near pN (Knebel et al., 2001; Walker et al., 1997).
This suggests scattering of the charge carriers by an-
tiferromagnetic quantum critical fluctuations. In fact,
CeIn3 is one of the very few systems for which the pres-
sure and magnetic field dependence of the resistivity is
in excellent agreement with the predictions of an anti-
ferromagnetic QCP (Hertz, 1976; Millis, 1993). The ex-
istence of a QCP is contrasted by 115In-NQR measure-
ments, which show that the spin lattice relaxation rate
1/T1T ∼ constant near pN as expected of a Fermi liq-
uid (Kawasaki et al., 2001). Quantum oscillatory stud-
ies through pN further establish a reconstruction of the
topology of the Fermi surface, interpreted as localized
to delocalized transition of the 4f-electrons (Settai et al.,
2005). As pc is approached the cyclotron effective mass
becomes strongly enhanced for at least one major Fermi
surface sheet reaching m∗ = 60m0.
In pure samples of CeIn3 with residual resistivities be-
low 1µΩcm the QCP is surrounded by a narrow dome
of superconductivity, which exhibits a maximum Ts ≈
0.22 K (Walker et al., 1997). A detailed study up to
100 kbar with a different set of samples and pressure
cells showed that the phase diagram is rather robust
and highly reproducible (Knebel et al., 2001). Under
magnetic field Ts initially decreases with dHc2/dT =
−3.2 T/K, where Hc2(T → 0) = 0.45 T, both character-
istic of heavy fermion superconductivity (Knebel et al.,
2001; Onuki et al., 2004). The upper critical field may
be accounted for in a strong-coupling framework in the
clean limit, where the coherence length ξ0 = 300 A˚ and
the charge carrier mean free path l = 2000 A˚.
The location of the superconducting dome at the bor-
der of antiferromagnetic order, the evidence for quantum
critical fluctuations in the resistivity and the sensitivity
of the superconductivity to sample purity (Knebel et al.,
2001; Walker et al., 1997) provide circumstantial evidence
of unconventional pairing. Microscopically this question
FIG. 6 Temperature versus pressure phase diagram of CeIn3.
TM denotes the coherence maximum in the resistivity, TN the
Ne´el temperature, Tc the superconducting transition temper-
ature and T1 the upper boundary of the regime with Fermi
liquid resistivity. Plot taken from (Knebel et al., 2001).
has been explored in NMR and NQR studies. The spin-
lattice relaxation rate 1/T1 lacks a Hebel-Slichter peak
but the low value of Ts did not permit to determine
the temperature dependence below Ts (Kawasaki et al.,
2002). From a theoretical point of view it has been ar-
gued that the antiferromagnetic quantum critical spin
fluctuations may provide a pairing interaction consistent
with the size of Ts (Mathur et al., 1998). A more de-
tailed theoretical analysis suggests that the gap symme-
try due to pairing by antiferromagnetic fluctuations near
~Q = (111) is either dx2−y2 or d3z2−r2 (Fukazawa and
Yamada, 2003).
b. Introduction to CeMIn5 We next turn to the single-
layer systems in the series of CenMmIn3n+2m (n = m =
1). Key properties are summarized in table II, where ref-
erences to the original publications may be found in the
text. Much of the appeal about this series is based on
the sequence Co→Rh→Ir representing isovalent substitu-
tions. In this order the unit cell volume increases, while
the c/a ratio of the lattice constants decreases.
Electronic structure calculations show that the Fermi
surface in all three systems is highly two-dimensional
with several cylindrical sheets, even though the electrical
resistivity and magnetic susceptibility are not strongly
anisotropic (see e.g. (Settai et al., 2001)). Band structure
calculations suggest, as an important aspect for under-
standing the evolution of the physical properties within
this series, that the transition metal element affects the
electronic properties only indirectly (Sarrao and Thomp-
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son, 2007). This may be related to the Ce atoms and
the transition metal atoms residing in different crystal-
lographic planes, which may also explain why substitu-
tional doping provides a comparatively controlled ap-
proach to tuning the ground state properties without
metallurgical segregation and excessive effects of disor-
der (Pagliuso et al., 2002a,b,c, 2001; Zapf et al., 2001).
The presentation proceeds as follows. We begin with
the general phase diagrams of CeCoIn5, CeRhIn5 and
CeIrIn5 and discuss the tentative evidence for QCPs.
This is followed by a discussion of the interplay of anti-
ferromagnetism and superconductivity and the evidence
for unconventional superconductivity. The section con-
cludes with a brief discussion of possible analogies with
the cuprates.
c. CeCoIn5 CeCoIn5 is a superconductor with a record
high value Ts = 2.3 K amongst the Ce-based systems
(Petrovic et al., 2001b). For the c-axis Hcc2 = 4.95 T
and for the ab-plane Habc2 = 11.6 T. The anisotropy of
Hc2 may be accounted for by the effective mass model
(Ikeda et al., 2001; Petrovic et al., 2001b). Before re-
viewing the superconducting state of CeCoIn5 it is help-
ful to consider the normal state properties, which are
in many ways anomalous. The electrical resistivity of
CeCoIn5 varies as ρ(T ) = ρ0 + a′T (Sidorov et al., 2002)
up to ∼4 K above Ts. Taking into account CEF contri-
butions, the normal state electronic specific heat varies
as C/T ∝ − lnT , and the c-axis susceptibility diverges
as χ ∝ T−0.4, while the basal-plane susceptibility is es-
sentially constant, χ−1 ∝ a + bT 0.1 (Kim et al., 2001a;
Petrovic et al., 2001b). These normal state non-Fermi
liquid temperature dependences differ distinctly from a
heavy Fermi liquid state and suggest the vicinity to an
antiferromagnetic quantum critical point.
In applied magnetic fields the normal state retains cer-
tain NFL characteristics regardless of field direction, be-
fore Fermi liquid behavior is recovered well beyond Hc2
(Bianchi et al., 2003b; Malinowski et al., 2005; Paglione
et al., 2003; Ronning et al., 2005). This is surprising
since the NFL characteristics due to a QCP are normally
rapidly suppressed in a magnetic field. For instance, at
Hcc2 the specific heat C/T diverges logarithmically reach-
ing C/T = 1.1 J/mol K2 at the lowest temperatures stud-
ied (Petrovic et al., 2001b), while Fermi liquid behavior
is only observed above 8 T. Likewise the d.c. suscepti-
bility at Hc2 diverges as χ(T ) = χ0 + C/(Tα + a0) with
α = 0.8− 1 (Tayama et al., 2002).
The electronic structure of CeCoIn5 has been stud-
ied microscopically by angle-resolved photoemission
(ARPES). The dispersion and the peak width of the
prominent quasi-two-dimensional Fermi surface sheet dis-
plays an anomalous broadening near the Fermi level
(Koitzsch et al., 2008). Using resonant ARPES a flat
f-band is observed with a distinct temperature depen-
dence. These observations are consistent with a two-level
mixing model.
Direct microscopic evidence of a NFL normal state is
supported by de Haas–van Alphen oscillations for mag-
netic field along the c-axis. Here strongly spin depen-
dent mass enhancements are observed in the immediate
vicinity of Hcc2, that are inconsistent with the Lifshitz-
Kosevich expression and thus Fermi liquid theory (Mc-
Collam et al., 2005). This is supplemented by the spin-
lattice relaxation rate T1 in 115In nuclear quadrupole
resonance, which displays a temperature dependence
1/T 4 characteristic of antiferromagnetic spin fluctuations
(Kawasaki et al., 2003; Kohori et al., 2001).
As discussed below, the electronic correlations at the
heart of the NFL behavior are likely to be responsible for
the superconductivity in CeCoIn5. This raises the ques-
tion for their origin and the possible nature and location
of the QCP. The T 2 coefficient of the resistivity for H
along the c-axis diverges at an extrapolated field value
below Hc2 suggesting a QCP within the superconduct-
ing regime, but the precise location has not been settled
(Bianchi et al., 2003b; Malinowski et al., 2005; Paglione
et al., 2003). More recently even a dimensional cross-over
from three-dimensional to two-dimensional quantum crit-
icality near Hc2 was inferred from the thermal expansion
(Donath et al., 2008). Entirely unexplained is the obser-
vation of a giant Nernst effect in the normal state (Bel
et al., 2004; Izawa et al., 2007). In fact, one scenario of-
fered to explain the giant Nernst effect and scaling of the
normal state resistivity as a function of field direction in
the basal plane is the formation of a d-density wave (Hu
et al., 2006).
Further support of unconventional superconductivity
with a d-wave gap has been observed in inelastic neu-
tron scattering studies (Stock et al., 2008). In the nor-
mal state slow commensurate fluctuations (~Γ = 0.3 ±
0.15 meV at ~Q0 = (1/2, 1/2, 1/2)) with nearly isotropic
spin correlations are observed. In the superconducting
state a sharp spin resonance at ~ω = 0.60 ± 0.03 meV
develops with ~Γ < 0.07 meV. The spin resonance is in-
dicative of strong coupling between f-electron magnetism
and superconductivity. The similarity of this spin reso-
nance with the properties of UPd2Al3 and the cuprates
suggest that it may be understood in a common frame-
work.
The specific heat anomaly of the superconducting tran-
sition is exceptionally large, ∆C/γTs = 4.5 when tak-
ing the value of γ at Ts. This would suggest an ex-
treme case of strong coupling superconductivity. How-
ever, when considering ∆C/γ normally the extrapolated
zero temperature value of γ is used, which due to the
NFL behavior here is ill-defined. The initial varia-
tion of Hc2 near Ts is large and characteristic of heavy
fermion superconductivity, dHcc2/dT = −11 T/K and
dHabc2 /dT = −24 T/K (Ikeda et al., 2001). The short
coherence length ξa = 82 A˚ and ξc = 35 A˚ and large pene-
tration depth as inferred from microwave measurements,
λ(T → 0) = 1900 A˚ (Ormeno et al., 2002), along with
the low Fermi energy and large charge carrier mean free
paths of several 1000 A˚ identify CeCoIn5 as a type II su-
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perconductor (κa = 108 and κc = 50) in the super-clean
limit (Kasahara et al., 2005).
A large number of properties suggest an unconven-
tional form of superconductivity in CeCoIn5. For in-
stance the depression of Ts with rare earth substitution
correlates with the mean free path (Paglione et al., 2007).
The following experimental evidence suggests line nodes
of a dx2−y2 state, notably: (i) the power law temperature
dependence of the specific heat, C ∝ T 3 (Movshovich
et al., 2001), (ii) the variation of the specific heat with
fourfold symmetry for magnetic field in the basal plane
(Aoki et al., 2004) (maxima along [110]), (ii) the power-
law dependence of the thermal conductivity, κ ∝ T 3
(Movshovich et al., 2001), (iii) the variation of the ther-
mal conductivity with a fourfold symmetry for magnetic
field in the basal plane (maxima along [110]) (Izawa et al.,
2001), (vi) the variation of the Hc2 of 1.2% with a four-
fold symmetry in the basal plane (maxima along [100])
(Weickert et al., 2006), and (vii) the differential conduc-
tance spectra as interpreted in the extended Blonder-
Tinkham-Klapwijk model (Park et al., 2008).
In contrast, a dxy pairing symmetry has been inferred
from the symmetry and the field and temperature depen-
dence of the in-plane torque magnetization (Xiao et al.,
2008). Moreover, the magnetic field and temperature de-
pendence of the thermal conductivity, was found to be in-
consistent with unpaired electrons (Seyfarth et al., 2008).
The latter study points at multi-band superconductivity
and a related complex multi-gap state.
Microscopic information on the pairing symmetry may
be inferred from the Knight shift, which decreases for
both field directions. This shows that the spin sus-
ceptibility decreases for all directions, consistent with
even parity superconductivity (Kohori et al., 2001). The
NMR/NQR spin-lattice relaxation rate shows no Hebel-
Slichter peak and a power-law temperature dependence
1/T1 ∝ T 3 (Kohori et al., 2001) further suggesting a non
s-wave state.
Small angle neutron scattering (SANS) shows a six-
fold symmetry of the flux line lattice at low fields and
low temperatures. As a function of magnetic field the
flux lattice symmetry undergoes a sequence of transi-
tions from hexagonal to orthorhombic, to square, back
to orthorhombic and finally hexagonal symmetry near
Hc2 (Bianchi et al., 2008; DeBeer-Schmitt et al., 2006;
Eskildsen et al., 2003). Most remarkably, the form factor
of the FLL as traced all the way to Hc2 increases with
increasing field, in stark contrast with the predictions
of Abrikosov-Ginzburg-Landau theory (Bianchi et al.,
2008). This behavior has been attributed to a combi-
nation of Pauli paramagnetic effects around the vortex
cores and the vicinity of the system to a quantum critical
point. The temperature dependence of the penetration
depth may be described as λ⊥ ∝ T 1.5. This has been
explained in terms of a temperature dependent coher-
ence length related to the vicinity to quantum criticality
(O¨zcan et al., 2003). Alternatively, the penetration depth
has been described as λ⊥ ∝ aT + bT 2 and λ‖ ∝ T , where
FIG. 7 Temperature versus pressure phase diagram of
CeCoIn5. From the resistivity a ’pseudo-gap’ at Tpg is in-
ferred that merges with the maximum in the onset of the
superconductivity (SC). At high pressures the superconduc-
tivity condenses out of a Fermi liquid temperature dependence
of the resistivity below TFL. Plot taken from (Sidorov et al.,
2002).
a cross-over from weak to strong coupling superconduc-
tivity was proposed (Chia et al., 2003).
The properties of CeCoIn5 respond sensitively to hy-
drostatic pressure as shown in Fig. 7 (Knebel et al., 2004;
Miclea et al., 2006; Nicklas et al., 2001; Shishido et al.,
2003; Singh et al., 2007; Sparn et al., 2002; Tayama
et al., 2005; Yashima et al., 2004). Up to 30 kbar Ts
traces out part of a dome; an initial increase is fol-
lowed by a decrease for p > 16 kbar. The specific heat
anomaly ∆C/γTs decreases under pressure monotoni-
cally by nearly 80% up to 30 kbar (Knebel et al., 2004;
Sparn et al., 2002). Hc2 increases for the ab-plane while
it decreases for the c-axis from 4.95 to 2 T at 30 kbar
(Shishido et al., 2003), so that the anisotropy of Hc2 in-
creases from 2.34 at p = 0 to 3.78 at 30 kbar (Tayama
et al., 2005).
Despite these rather drastic effects, 115In NQR shows
that the spin-lattice relaxation rate T1 below Ts remains
qualitatively unchanged T1 ∝ T−3 up to 20 kbar. This
suggests that the nature of the superconductivity remains
unchanged (Yashima et al., 2004). An increase of the spin
fluctuation temperature TSF may be consistently inferred
from (i) the decrease of the normal state value of γ, (ii)
an increase of the coherence maximum in the resistivity
from 50 to nearly 100 K at 15 kbar and (iii) a change of
the normal state spin-lattice relaxation rate. All of these
properties suggest, that pressure moves CeCoIn5 away
from quantum criticality.
We finally mention that CeCoIn5 combines a unique
set of properties: it shows strong Pauli limiting, the elec-
tronic structure is quasi-two dimensional and samples
may be grown at ultra-high purity. These are the pre-
conditions for the formation of a FFLO phase. Indeed,
striking evidence exists that CeCoIn5 stabilizes the first
example of such a state as discussed in section V.B.1.
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d. CeRhIn5 In comparison to CeCoIn5, the unit cell vol-
ume of CeRhIn5 is larger and the c/a ratio smaller as
shown in table II. Taking into account the anisotropic
compressibility for the a- and c-axis the properties of
CeRhIn5 at high pressure may be expected to resem-
ble those of CeCoIn5. Considering the bulk modulus
of CeIn3, the CeIn3 units may be viewed as experienc-
ing an effective pressure of 14 kbar (Hegger et al., 2000).
The electronic properties of CeRhIn5 emerge in a CEF
Γ7 ground state and Γ7 and Γ6 first and second excited
state at 6 and 29.1 meV, respectively (Christianson et al.,
2004).
At ambient pressure CeRhIn5 orders antiferromagneti-
cally below TN = 3.8 K (Hegger et al., 2000), with a tem-
perature independent antiferromagnetic ordering wave
vector ~Q = (1/2, 1/2, 0.297). The ordered moment at
1.4 K of µord = 0.264(4)µB is strongly reduced as com-
pared to the moment expected in the CEFs of 0.8µB
(Bao et al., 2000, 2003). It spirals transversely along
the c-axis, while the nearest-neighbor moments on the
tetragonal basal plane are aligned antiferromagnetically.
Based on µ-SR it has been suggested that a small or-
dered moment also exists at the Rh site (Schenck et al.,
2002). The antiferromagnetic transition as seen in neu-
tron scattering and the bulk properties is second order,
where the specific heat is characteristic of an anisotropic
spin-density wave that gaps nearly 90% of the Fermi sur-
face (Cornelius et al., 2001). The entropy released at TN
corresponds to the small ordered moment (Hegger et al.,
2000).
The normal state specific heat of CeRhIn5 is charac-
teristic of a heavy fermion state with γ = 0.42 J/mol K2
(Cornelius et al., 2000). In contrast, the thermal ex-
pansion shows a non-Fermi liquid divergence of α/T for
[001] above TN while the basal plane is well behaved
with α/T ≈ constant (Takeuchi et al., 2001). More-
over, while the susceptibility displays the Curie-Weiss
behavior of nearly free Ce3+ moments at high temper-
atures, χ keeps increasing even at low temperatures be-
low a shoulder around 30 K, where χ−1ab ∝ a+ bT 0.9 and
χ−1c ∝ a+ T 1.35 (Kim et al., 2001a). Similar anomalous
behavior is also seen in the temperature dependence of
the normal state electrical resistivity (Hegger et al., 2000;
Muramatsu et al., 2001).
Microscopic evidence of an abundance of critical anti-
ferromagnetic fluctuations up to 3TN has been seen in
inelastic neutron scattering (Bao et al., 2002a) and the
temperature dependence of the 115In NQR spin-lattice
relaxation (Mito et al., 2001). The magnetic phase di-
agram of CeRhIn5 as a function of an applied magnetic
field has been studied up to 50 T for the [110] direction.
A spin-flop transition is observed at 2 T and a metam-
agnetic transition (spin flip) around 45 T (for 3 K) (Cor-
nelius et al., 2001; Settai et al., 2007b; Takeuchi et al.,
2001). The c-axis is the easy magnetic axis.
Under pressure the Ne´el temperature decreases. Su-
perconductivity was first observed in CeRhIn5 above
15 kbar, where an abrupt, first order change from anti-
ferromagnetism to superconductivity was reported (Heg-
ger et al., 2000). Recent studies suggest, that high
quality single crystals display superconductivity even in
the antiferromagnetic state at ambient pressure below
Ts ≈ 0.09 − 0.11 K (Chen et al., 2006; Paglione et al.,
2008). The bulk properties of the superconductivity at
ambient pressure by comparison with other systems are
characteristic of being far from quantum criticality.
As function of pressure Ts increases, while TN de-
creases until TN = Ts ≈ 2.0 K at p1 ∼ 17.7 kbar. Spe-
cific heat and susceptibility suggest a competitive phase
coexistence of AFM and superconductivity for pressure
below p1 (Knebel et al., 2006). Neutron scattering shows
that the ordering wave vector and ordered moment ini-
tially change weakly (Llobet et al., 2004; Majumdar
et al., 2002) and a second magnetic modulation emerges
(Christianson et al., 2005). For high pressures of 15
and 17 kbar the incommensurate propagation vector is
~Qhp = (1/2, 1/2, 0.4), which differs from the ambient
pressure propagation vector ~Q = (1/2, 1/2, 0.297) (Ray-
mond et al., 2008a). A competitive coexistence of AF
and superconductivity up to p1 is supported by 115In-
NQR (Mito et al., 2003). Homogenous volume supercon-
ductivity is observed above p1 with a maximum value of
Ts ≈ 2.1 K around 20 kbar (Chen et al., 2006; Knebel
et al., 2006). Resistivity measurements in CeRhIn5 ex-
tending up to 85 kbar initially indicated the presence of a
second superconducting dome as shown in Fig. ?? (Mura-
matsu et al., 2001). This finding could not be confirmed
later as reviewed by (Knebel et al., 2008).
Electronic structure calculations suggest that the 4f
electron is localized in CeRhIn5 (Elgazzar et al., 2004).
The mass enhancement seen in the specific heat has
therefore been attributed to spin fluctuations above
frozen magnetic states, which become itinerant and add
to the spectrum of fluctuations when going to CeCoIn5.
De Haas–van Alphen studies show that the electronic
structure of CeRhIn5 is highly two-dimensional (Cor-
nelius et al., 2000; Hall et al., 2001). Under hydrostatic
pressure a new branch emerges around 24 kbar, the ex-
trapolated pressure where TN vanishes. The similarity
with CeCoIn5 indeed suggests a delocalization of the 4f
electron at this pressure (Shishido et al., 2005).
The NFL normal state properties and immediate vicin-
ity of the superconductivity to antiferromagnetism in
CeRhIn5 are circumstantial evidence suggesting uncon-
ventional pairing. The superconductivity is, nevertheless,
rather unexplored. The most direct evidence for uncon-
ventional pairing may be the spin-lattice relaxation rate
of 115In-NQR in the superconducting state which does
not show a Hebel-Slichter peak and varies as 1/T1 ∝ T 3
(Mito et al., 2001).
The structural similarity of CeRhIn5 with CeCoIn5
raises the question for an analogy of the superconducting
phase diagram. In CeCoIn5 the normal state properties
hint at a quantum critical point that is masked by the su-
perconducting dome. Under pressure Hc2 for B ⊥ [001]
initially tracks the increase of Ts and displays a maxi-
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FIG. 8 Temperature versus magnetic field and pressure phase
diagram of CeRhIn5 as reported by (Park et al., 2006). De-
tailed studies of the specific heat suggests a well defined line
of quantum criticality, separating a regime where supercon-
ductivity and antiferromagnetism coexist with a regime of
homogenous bulk superconductivity. Plot from (Park et al.,
2006) as shown in (Sarrao and Thompson, 2007).
mum just above p1. Specific heat measurements under
pressure and magnetic field in CeRhIn5 reveal a phase
boundary separating homogenous volume superconduc-
tivity and a phase coexistence of antiferromagnetic order
and superconductivity as reported by (Park et al., 2006)
and shown in Fig. 8. In the magnetic field versus pressure
plane the phase separation line increases from zero at p1
and reaches Hc2 at p2. The normal state properties in
the B versus p plane are consistent with at a quantum
critical point for B → 0 and p2. Taken together with
the de Haas–van Alphen studies this provides evidence
of a quantum critical point at p2 that may be related to
a delocalization transition of the 4f electrons.
e. CeIrIn5 The heavy-fermion superconductor CeIrIn5,
finally, has the largest unit cell volume and smallest
c/a ratio as shown in table II. At ambient pressure the
normal state properties are characteristic of strong elec-
tronic correlations that develop in crystal electric fields
related to those of CeIn3 (Christianson et al., 2004).
The specific heat exhibits a large enhancement with
γ = 0.72 J/mol K2 (Petrovic et al., 2001a). The suscep-
tibility exhibits a broad shoulder around 7 K (Takeuchi
et al., 2001), but continues to diverge slowly (Kim et al.,
2001a). This and the resistivity, which varies as ∆ρ ∝ Tn
with n ≈ 1.3 indicate non-Fermi liquid characteristics of
the normal state (Petrovic et al., 2001a).
The bulk properties are consistent with the spin-lattice
relaxation rate inferred from 115In-NQR measurements,
which suggests that CeIrIn5 is an anisotropic, incipient
antiferromagnet (Kohori et al., 2001; Zheng et al., 2001).
More detailed information on the normal state has been
inferred from the Hall effect and the magnetoresistance,
which also show non-Fermi liquid behavior. Notably,
there is a breakdown of Kohler’s rule and the Hall angle
varies as cotΘH ∝ T 2 (Nair et al., 2008; Nakajima et al.,
2008). When taken together, in the T versus B phase dia-
gram the magneto-transport properties suggest a precur-
sor regime of the normal metallic state that shares some
similarities with the pseudo-gap regime in the cuprates
(Nair et al., 2008).
Various properties of CeIrIn5 suggest two supercon-
ducting transitions. At Ts1 = 0.75 K the resistivity van-
ishes and there are strong indications of an intrinsic form
of filamentary superconductivity. At Ts2 = 0.4 K super-
conductivity is observed in the specific heat (Petrovic
et al., 2001a) and in 115In-NQR (Kawasaki et al., 2005).
Specific heat and In-NQR under pressure show that Ts2
increases to 0.8 K at a pressure of 16 kbar (Borth et al.,
2002; Kawasaki et al., 2005). The increase of Ts2 is con-
sistent with the observed decrease of γ, which may be
interpreted as an increase of the characteristic spin fluc-
tuation temperature. Hc2 is anisotropic where the resis-
tivity and susceptibility show Hac2 = 6.8 T, H
c
c2 = 3.5 T
and Hac2 = 1.0 T, H
c
c2 = 0.49 T for S1 and S2, respec-
tively (Petrovic et al., 2001a). The temperature depen-
dence and anisotropy of Hc2 of the incipient supercon-
ducting state and the bulk superconducting state track
each other qualitatively (Petrovic et al., 2001a), where
the anisotropy may be accounted for by the anisotropic
mass model (Haga et al., 2001).
The specific heat, which varies as C ∝ T 3 (Movshovich
et al., 2001) and the thermal conductivity for heat cur-
rent along the a-axis, which varies as κ ∝ T 2 with a finite
residual T = 0 value of κ/T = 0.46 W/K2 m are consis-
tent with an unconventional superconducting state and
line nodes. This is supported microscopically by NMR
and NQR, which shows (i) no Hebel-Slichter peak, (ii)
a temperature dependence of the spin-lattice relaxation
rate 1/T1 ∝ T 3 at pressures up to 21 kbar, and (iii) a
decrease of the Knight shift in the superconducting state
with decreasing temperature for all field directions (Ko-
hori et al., 2001). However, the thermal conductivity
with heat current along the c-axis does not chow a resid-
ual term at low temperatures (Shakeripour et al., 2007),
ruling out line nodes running along the c-axis. Instead
the formation of a hybrid gap structure with Eg symme-
try has been proposed.
f. Ce2RhIn8 The properties of the double layer com-
pound Ce2RhIn8 are intermediate between CeIn3 and the
single-layer compound CeRhIn5 as may be expected from
the larger fraction of CeIn3 building blocks in the crystal
structure. At ambient pressure Ce2RhIn8 develops anti-
ferromagnetic order below a second order phase transi-
tion at TN1 = 2.8 K with an ordering wave vector ~Q =
(1/2, 1/2, 0) and an ordered moment µord ≈ 0.55µB/Ce
(Bao et al., 2001). The magnetic structure is more akin
to that of CeIn3, where the specific heat shows that only
8 % of the Fermi surface are gapped in comparison to
over 90 % in CeRhIn5 (Cornelius et al., 2001). A second
antiferromagnetic transition is observed in the resistivity
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at TN2 = 1.65 K, which does not appear to be accompa-
nied by an anomaly in the specific heat (Nicklas et al.,
2003). The magnetic phase diagram at ambient pressure
is reminiscent of that of CeRhIn5 (Cornelius et al., 2001).
Hydrostatic pressure suppresses both TN1 and TN2,
where TN2 vanishes below 1 kbar and TN1 extrapolates
to zero around pN1 ≈ 32kbar, suggesting a quantum crit-
ical point as in CeRhIn5 (Nicklas et al., 2003). Specific
heat under pressure shows a broadening of the antiferro-
magnetic transition and an decrease of γ consistent with
an increase of the spin fluctuation temperature (Lengyel
et al., 2004). A superconducting dome surrounds pN1
with a maximum Ts = 2.1 K (Nicklas et al., 2003). At
16.3 kbar Hc2 = 5.36 T and the initial temperature de-
pendence dHc2/dT = −9.18 T/K are large and compara-
ble with other compounds in this series.
g. Substitutional doping in CenMmIn3n+2m Particularly
appealing in the series CeMIn5 is the relative metallur-
gical ease with which substitutional doping studies may
be carried out. Three different aspects have been at the
center of interest: (i) the sensitivity to doping of the f-
electron element, (ii) the stability of the ground state
under replacement of the transition metal element, and
(iii) the sensitivity to disorder on the In site.
Substitutional doping of Ce in CeMIn5 has been car-
ried out with La, U, Pu and Nd. In CeCoIn5 La-doping
results in a two-fluid state, notably a combination of
single-impurity Kondo and dense Kondo lattice behav-
ior (Nakajima et al., 2004; Nakatsuji et al., 2002). It is
surprising, that La doping does not yield additional com-
plexities. Further, unconventional superconductivity in
principle is very sensitive to disorder. However the super-
conductivity is remarkably insensitive to La-doping and
vanishes only for x ≥ 0.15. In the superconducting state
the residual electronic thermal conductivity decreases
while the residual electronic specific heat increases with
x, i.e., the thermal conductivity does not track the elec-
tronic degrees of freedom that become available under
doping. This has been taken as evidence of extreme
multi-band superconductivity in CeCoIn5 (Tanatar et al.,
2005). Finally, Nd doping allows to study the evolution
from local moment magnetism to heavy-fermion super-
conductivity (Hu et al., 2008).
Across the series CemRhnIn3n+2 (n = 0, 1 and m =
1, 2) increasing the La substitution of Ce leads to a
suppression of TN . For the tetragonal systems (n =
m = 1, 2) the critical concentration is xc ≈ 0.4 and
for CeIn3 xc ≈ 0.65 (Pagliuso et al., 2002a). La-doping
of CeRhIn5 leaves the antiferromagnetic wave vector es-
sentially unchanged up to x = 0.1 (Bao et al., 2002b).
The observation of the same value of xc for the tetrago-
nal systems suggests, that antiferromagnetic order is es-
sentially controlled by the CeIn3 building blocks. The
pressure dependence of La and Sn doped CeRhIn5, no-
tably Ce0.9La0.1RhIn5 and CeRhIn4.84Sn0.16, shows that
La doping shifts the phase diagram to higher pressures,
while Sn doping shifts it to lower pressures (Ferreira
et al., 2008). This implies that the strength of the on-
site Kondo coupling represents the dominant energy scale
controlling the phase diagram of CeRhIn5.
Several studies have explored the evolution of the se-
ries CeMIn5 under the isovalent replacement of Co by Rh
and Ir, and of Rh by Ir. In the series CeCo1−xRhxIn5
and CeRh1−xIrxIn5 this allows the study of the evolu-
tion between superconductivity and antiferromagnetism,
while the series CeCo1−xIrxIn5 allows the study of the
evolution between two unconventional superconductors
as summarized in Fig. 9. In the series CeCo1−xRhxIn5 a
coexistence of antiferromagnetism and superconductivity
is observed for a large range of x (Zapf et al., 2001). The
total entropy released at the two transitions is thereby
constant. This suggests that the two ordering phenomena
are intimately related representing two sides of the same
coin. NQR studies of the normal state show that Rh dop-
ing boosts antiferromagnetic spin fluctuations (Kawasaki
et al., 2006). The antiferromagnetic structure of CeRhIn5
changes from an incommensurate, ~Q = (1/2, 1/2, 0.297)
modulation to a modulated state with two wave vectors
~Q = (1/2, 1/2, 1/2) and ~Q = (1/2, 1/2, 0.42) at interme-
diate concentrations (Yokoyama et al., 2008). Fluctua-
tions with respect to these wave vectors may be relevant
for the superconductivity at intermediate concentrations.
Rh doping of CeIrIn5 initially suppresses the filamen-
tary transition at Ts1 so that only the superconduct-
ing transition at Ts2 remains. However, for higher Rh
concentrations the bulk Ts increases, until antiferro-
magnetism emerges for x > 0.3 (Bianchi et al., 2001;
Kawasaki et al., 2006; Pagliuso et al., 2001). Within the
antiferromagnetic state superconductivity in coexistence
with antiferromagnetism survives (Christianson et al.,
2005; Zheng et al., 2004). Perhaps most importantly,
the superconductivity is insensitive to the disorder asso-
ciated with the doping. This suggests, that the transition
metal element affects only indirectly those parts of the
Fermi surface on which superconductivity is stabilized.
Finally, substitutional doping on the In site has pro-
vided some remarkable hints concerning the nature of
the superconductivity. Extensive studies have been car-
ried out in CeCoIn5−xSnx, where the superconductivity
vanishes rapidly for x ≥ 0.15 (Bauer et al., 2005c). Note
that this represents a much smaller concentration than
x = 0.15 in La-doping. EXAFS studies have thereby
established that the Sn atoms preferentially occupy the
In(1) site in the CeIn3 planes (Daniel et al., 2005), high-
lighting that the superconductivity is particularly sensi-
tive to disorder in the CeIn3 planes. Interestingly the
critical Sn concentration, when referred to the CeIn3
planes, yields an average distance of the Sn atoms of
the size of the superconducting coherence length. The
suppression of superconductivity in CeCoIn5−xSnx may
be compared with the suppression of antiferromagnetic
order in CeRhIn5−xSnx at xc ≈ 0.35, where a quantum
critical point is generated (Bauer et al., 2006a). Assum-
ing that the Sn atoms as for CeCoIn5−xSnx occupy the
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FIG. 9 Compilation of the evolution of superconductivity
and antiferromagnetic order in the series CeMIn5, where M=
Co, Rh and Ir. Note the continuous evolution of the su-
perconducting transiton temperature when going from Ir to
Co despite the presence of disorder. This continuous evolu-
tion is interrupted by an antiferromagnetic dome in the series
Co→Rh→Ir. Plot from (Pagliuso et al., 2002b) as shown in
(Sarrao and Thompson, 2007).
In(1) site, this reveals that details of the electronic struc-
ture within the CeIn3 planes control the stability of both
antiferromagnetic order and superconductivity.
Rather surprising, substitutional Cd doping of the In
site induces a change from superconductivity to long
range antiferromagnetic order, where the phase diagram
scales with the pressure dependent phase diagram of
CeRhIn5 (Pham et al., 2006). Electronically Cd doping,
in leading order, acts as the removal of electrons, which
in turn compares with the effect of pressure on CeRhIn5.
However, NMR studies of the series of Cd doped CeCoIn5
establishes a microscopic coexistence of the two forms of
order, where the ordered moment of 0.7µB is essentially
unchanged and the magnetic order may be attributed to
the local environment of the Cd dopant (Urbano et al.,
2007). Thus the magnetic order is not the result of a
gradual modification of the Fermi surface, but emerges
in terms of droplets that coalesce at the onset of long-
range antiferromagnetism.
Both the superconductivity and the antiferromag-
netism respond sensitively to nonmagnetic disorder
within the CeIn3 building blocks, while they are rela-
tively insensitive to out-of-plane disorder. As a possible
explanation this behavior may be related to the warping
of the Fermi surface, which is affected by local distortions
created by the replacement of transition metal elements.
However, the detailed mechanisms that control the be-
havior in doping studies have not yet been identified.
h. Common features and analogies We now discuss
the more general features of the entire series of
CenMmIn3n+2m compounds. We begin with material
specific aspects and conclude this section with a discus-
sion of possible analogies with other layered supercon-
ductors, notably the cuprates.
A major theme across the literature on the
CenMmIn3n+2m compounds is the tentative role of a
quantum critical point in driving superconductivity. This
is embodied and was first pointed out with respect to
CeIn3 (Mathur et al., 1998; Walker et al., 1997). A natu-
ral question concerns, which mechanisms control the Ts.
For spin fluctuation mediated pairing it has been pointed
out that a reduction of the effective dimension, notably
magnetic and/or electronic anisotropy, favour supercon-
ductivity (Monthoux and Lonzarich, 2001, 2002). This is
consistent with an empirical observation of Ts as a func-
tion of the c/a ratio as reported by (Bauer et al., 2004b)
and shown in Fig. 10 .
Similarities of the series CenMmIn3n+2m with the
cuprate superconductors have been taken as evidence
that spin fluctuations are responsible for the pairing
mechanism in the cuprates (see, e.g., (Mathur et al.,
1998)). It is instructive to summarize these similarities
in further detail. The consideration begins with the tem-
perature versus pressure phase diagram, which shows a
superconducting dome in the vicinity of antiferromag-
netic order. At least in CeIn3 a major qualitative differ-
ence is, that a proper antiferromagnetic transition van-
ishes at the putative QCP, while the equivalent feature
in the cuprates is a pseudogap of ill-defined nature. Here
the phase diagram of CeCoIn5 is in better analogy with
the cuprates where, however, the temperature ranges of
anomalous behavior in CeCoIn5 are rather small.
Likewise, the analogy with the cuprates may also be
seen in the sibling pair CeCoIn5 and CeRhIn5, where
pressure induces superconductivity in CeRhIn5 as well as
in Ce2RhIn8. The similarity of the phase diagrams is also
loosely reflected in the doping studies, when keeping in
mind that the underlying microscopic processes, notably
s-f hybridization in f-electron systems versus pure charge
transfer in the cuprates are radically different. Doping
with Rh, driving CeCoIn5 antiferromagnetic, is akin to
hole doping in the cuprates. Likewise Cd doping may be
understood as electron doping, stabilizing antiferromag-
netic order. Moreover, the complex pressure, magnetic
field and temperature phase diagram in CeRhIn5 yields
another analogy in that magnetic field stabilizes a coexis-
tence of superconductivity and antiferromagnetism (Park
et al., 2006). A related effect of magnetic field has also
been found in certain cuprates (Lake et al., 2002).
The analogy with the cuprates is not just based on
qualitative features of the phase diagram, but also on the
bulk properties. As for the cuprates the normal metallic
state exhibits non Fermi liquid behavior. While the re-
sistivity, susceptibility and specific heat are not in great
agreement, there is a remarkable similarity of the Hall ef-
fect and regarding the breakdown of Kohlers rule in the
19
FIG. 10 Evolution of the superconducting transition temper-
ature as a function of c/a ratio of the lattice parameter in the
series CeMIn5 (left-hand and bottom axis) and PuMGa5 (top
and right-hand axis). Plot as shown in (Sarrao and Thomp-
son, 2007)
magnetoresistance in CeCoIn5. In fact, a quadratic tem-
perature dependence of the Hall angle and a breakdown
of Kohler’s rule have also been observed in CeIrIn5, where
they were interpreted as a precursor phase in the normal
metallic state that share similarities with the pseudo-gap
in the cuprates (Nair et al., 2008). Moreover, just as for
the cuprates a spin resonance at a frequency ω0 has now
been observed in the spectrum of slow antiferromagnetic
fluctuations in CeCoIn5, where the ratio of resonance fre-
quency to gap, ~ω0/2∆0 ≈ 0.74, is remarkably similar for
CeCoIn5, UPd2Al3 and Bi2Sr2CaCu2O8+δ (Stock et al.,
2008).
It is at the same time also important to emphasize the
differences between CenMmIn3n+2m and the cuprates.
First, CeRhIn5 appears to exhibit two superconducting
domes. This suggests that at least two pairing mecha-
nisms may exist, where possible candidates are a SDW
and a valence instability as in CeCu2Si2. The second
superconducting dome makes the analogy with CeCoIn5
less obvious and it is interesting to ask if there are further
superconducting domes in CeCoIn5 under pressure. Sec-
ond, quantum oscillatory studies of the electronic struc-
ture show a change of Fermi surface topology through the
quantum critical point in CeIn3 and CeRhIn5 that ap-
pears to be related to a delocalization of the f-electron.
A stimulating question concerns, whether, quite gener-
ally, an instability of the Fermi surface topology drives
the superconductivity in the cuprates.
Finally, CeIrIn5 has an even larger unit cell volume
than CeRhIn5, but there is no antiferromagnetic order
nearby. The phase diagram shown in Fig. 9 may con-
sequently be interpreted differently. Perhaps the entire
series of CeMIn5 is superconducting where Ts increases
in a linear fashion when going from Co to Rh to Ir. How-
ever, a slight change of electronic structure of the Rh
system changes the balance from a superconducting to
an antiferromagnetic ground state. This does not rule
out quantum critical fluctuations as a key ingredient of
the superconductivity, though the origin of these fluc-
tuations may differ from the conventional scenario of a
simple quantum critical point.
3. Miscellaneous Ce-systems
We next present several examples of compounds, where
evidence for superconductivity has been observed at the
border of antiferromagnetic order. These compounds are
the first of a given crystal structure, being possibly the
first member of a new class of f-electron superconduc-
tors. The properties of these ’miscellaneous Ce-systems
are summarized in table ??. The first two examples,
CeNiGe3 and Ce2Ni3Ge5, are members of the ternary Ce-
Ni-Ge series. The third system, CePd5Al2, is isostruc-
tural to NpPd5Al2 (cf. section IV.B.2).
For completeness it is worthwhile to also mention
briefly CeCu5Au, where antiferromagnetic order is sup-
pressed around 40 kbar and a tiny drop of the resistiv-
ity is observed that may be related to superconductivity
(Wilhelm et al., 2001) .
a. CeNiGe3 We begin with the discovery of super-
conductivity in CeNiGe3, which crystallizes in the
orthorhombic SmNiGe3-type structure (space group
Cmmm, see also table I) (Kotegawa et al., 2006; Naka-
jima et al., 2004). At ambient pressure CeNiGe3 orders
antiferromagnetically below a Ne´el temperature TN =
5.5 K as determined from the resistivity and susceptibil-
ity. The paramagnetic susceptibility in polycrystals at
high temperatures follows a Curie-Weiss dependence with
µeff = 2.54µB as expected of Ce3+. The antiferromag-
netic transition is accompanied by a distinct anomaly,
where the entropy released, ∆S = 0.65 R ln 2, is char-
acteristic of localized moments in a 4f crystal field dou-
blet ground state. The magnetic structure has been ex-
plored by powder neutron diffraction, which revealed two
transitions at TN1 and TN2 with ordering wave vectors
~Q1 = (1, 0, 0) and ~Q2 = (0, 0.409, 1/2), respectively, with
an ordered moment of µord = 0.8µB.
The electrical resistivity of polycrystalline CeNiGe3 is
dominated by a maximum around 100 K and a sharp drop
at TN , where no details have been seen of a second tran-
sition. The pressure dependence of the polycrystalline
samples was investigated with two different pressure tech-
niques: a diamond anvil cell with NaCl (Nakajima et al.,
2004) and Daphne oil (Kotegawa et al., 2006) as pres-
sure transmitter, respectively. In the following we only
address the results obtained with the latter set-up which
produces better homogeneity. As a function of pressure
TN initially rises to nearly 8 K at 40 kbar followed by a
fairly rapid decrease. TN vanishes at pc ≈ 70 kbar, where
the T 2 resistivity crosses over to a temperature depen-
dence ∼ T 1.5 in the range 60 to 70 kbar. The residual
resistivity ρ0 increases and reaches a plateau above pc.
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For pressures in the range 20 to 100 kbar hints for su-
perconductivity are observed in terms of a zero resistance
transition below 40 kbar and an incomplete resistive tran-
sition above 40 kbar, where Ts is as high 0.45 K. The
transition temperature exhibits two broad maxima sep-
arated by a shallow minimum near pc. The ac suscep-
tibility shows diamagnetic screening. Hc2 increases un-
der pressure from 0.015 T to 1.55 T. Correspondingly the
coherence length decreases under pressure from 2000 A˚
to ∼100A˚. The initial slope of Hc2 near Ts increases
and reaches dHc2/dT = −10.8 T/K for the maximum
Ts ≈ 0.45 T. For low pressures orbital limiting is ob-
served, while there is Pauli limiting for the highest values
of Ts around 70 kbar.
b. Ce2Ni3Ge5 Another system in the Ce-Ni-Ge series
that attracts increasing interest is Ce2Ni3Ge5 (Chevalier
and Etourneau, 1999). This compound crystallizes in
the U2Co3Si5-type structure (space group Ibam; see also
table ??). A discussion of structural similarities with
CeNi2Ge2 may be found in (Nakashima et al., 2005).
The metallic state of Ce2Ni3Ge5 is characteristic of a
Kondo lattice system with TK ≈ 5 K, where a Curie-
Weiss susceptibility of free Ce3+ moments is observed
at high temperatures and antiferromagnetic order at low
temperatures (Hossain et al., 2000). The magnetization
shows two transitions at TN1 = 5.1 K and at TN2 = 4.5 K.
The linear term of the specific heat is enhanced and the
entropy released ∆S = 0.67R ln 2 at TN1 is character-
istic of reduced moments. Powder neutron diffraction
shows collinear antiferromagnetic order below TN1 with
the magnetic moments aligned along the a-axis and a
small ordered moment of µord = 0.4µB at 1.4 K (Duri-
vault et al., 2002).
In comparison with Ce2Ni3Ge5 the unit cell volume
in the sibling compound Ce2Ni3Si5 is 9.6% smaller.
Ce2Ni3Si5 exhibits a nonmagnetic valence fluctuating
system (Mazumdar et al., 1992). This suggests that hy-
drostatic pressure suppresses the antiferromagnetic or-
der. Indeed TN1 in polycrystalline samples decreases
under pressure and vanishes at pc = 36 kbar, where a
zero resistance transition is observed at Ts = 0.26 K
(Nakashima et al., 2005) withHc2 = 0.7 T, corresponding
to a coherence length ξ = 210 A˚.
c. CePd5Al2 Another miscellaneous C-based supercon-
ductor is CePd5Al2 (Honda et al., 2008a), which is
isostructural to NpPd5Al2 reviewed in section IV.B.2.
At ambient pressure CePd5Al2 displays two antiferro-
magnetic transitions at TN1 = 3.9 K and TN2 = 2.9 K.
The metallic state is moderately enhanced with γ =
0.056 J/mol K2. The resistivity and susceptibility as
well as the magnetization suggest crystal field levels at
∆1 = 197 K and ∆2 = 224 K. Under pressure TN1 and
TN2 at first increase, where TN2 can only be tracked as
high as ∼ 30 kbar. TN1 displays a maximum around
50 kbar and appears to vanish around 90 kbar. The resis-
tivity displays a superconducting transition in the pres-
sure range 80 to 120 kbar, with a maximum Ts = 0.57 K
at 108 kbar.
B. Coexistence with antiferromagnetism
In a number of f-electron systems superconductivity
emerges deep inside an antiferromagnetically ordered
regime, i.e., Ts  TN . The presentation of these systems
may be grouped in two parts, large and small moment
systems. We first discuss the large moment antiferromag-
nets UPd2Al3, UNi2Al3 and CePt3Si. For these com-
pounds the coexistence of antiferromagnetism and su-
perconductivity appears to be homogenous. The second
class are antiferromagnets with tiny ordered moments,
notably UPt3 and URu2Si2. While the tiny moments in
UPt3 appear to be homogenous, there is growing evidence
for a small volume fraction of large ordered moments in
URu2Si2.
1. Large moment antiferromagnets
Superconductivity in the sibling pair of low tempera-
ture antiferromagnets UPd2Al3 and UNi2Al3 was discov-
ered in 1991 (Geibel et al., 1991a,b). Both compounds
crystallize in the hexagonal PrNi2Al3 structure (space
group P6/mmm) as summarized in table III. Large sin-
gle crystals may be grown of UPd2Al3, while the metal-
lurgy of UNi2Al3 is more complex, i.e., there are fewer
single-crystal studies for UNi2Al3. In turn the body of
work on UPd2Al3 is much more complete. In the follow-
ing we first review the present understanding of UPd2Al3
before turning to the properties of UNi2Al3 at the end
of the section. We address only briefly the coexistence
of superconductivity and antiferromagnetism in CePt3Si,
which is reviewed extensively in section IV.A.1.
a. UPd2Al3 The electrical resistivity of UPd2Al3 de-
creases monotonically as a function of temperature be-
low a broad maximum around 85 K (Sato et al., 1992).
In single crystals the resistivity is weakly anisotropic by
a factor of two with ρc > ρab. The susceptibility exhibits
a broad maximum around 35 K in the basal plane and
an anisotropy of ∼ 3.5 (χc < χab) (Geibel et al., 1991b).
Above ∼ 100 K a Curie-Weiss dependence is observed
with a fluctuating moment µeff that changes from 3.2 to
3.4µB/U around 300 K (Grauel et al., 1992). To account
for the temperature dependence of the susceptibility the
following crystal electric field scheme of a tetravalent ura-
nium configuration has been proposed: Γ4 singlet ground
state, Γ1 singlet first excited state at 33 K, two Γ6 dou-
blets at 102 K, two Γ5 doublets at 152 K; Γ3 singlet at
562 K; Γ5 at 1006 K (Grauel et al., 1992). Crystal field
excitations at a temperature around 30 K have also been
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TABLE III Key properties of uranium based heavy-fermion superconductors. Missing table entries may reflect more complex
behavior discussed in the text. Hc2 represents the extrapolated value for zero temperature. References are given in the text.
(AF: antiferromagnet; FM,F: ferromagnetism; HO: hidden order; SC: superconductor)
U-based UBe13 UPt3 URu2Si2 UPd2Al3 UNi2Al3 UGe2 URhGe UCoGe UIr
structure cubic hexagonal tetragonal hexagonal hexagonal orthorh. orthorh. orthorh. monoclinic
type NaZn13 - ThCr2Si2 PrNi2Al3 PrNi2Al3 - - - -
space group O6h Fm3c P63/mmc I4/mmm P6/mmm P6/mmm Cmmm Pnma Pnma P21
a(A˚) 10.248 5.764 4.128 4.189 5.207 3.997 6.875 6.845 5.62
b(A˚) - - - - - 15.039 4.331 4.206 10.59
c(A˚) - 4.899 9.592 5.382 4.018 4.087 7.507 7.222 5.60
state SC AF, SC HO, SC AF, SC AF, SC FM, SC FM, SC FM, SC F1, F2, F3, SC
γ (J/mol K2) - 0.44 0.07 0.2 0.12 0.032 0.164 0.057 0.049
TN ,TC(K) - 5 17.5 14.2 4.6 52 9.5 3 46
easy axis - - - - - a b, c c [101¯]
hard axis - - - - - b, c a a,b [010]
~Q - (±1/2, 0, 1) (0,0,1) (0, 0, 1
2
) (1/2± δ, 0, 1/2) - - - -
δ = 0.110± 0.003
µord(µB) - 0.01 0.03 0.85± 0.03 0.24± 0.10 1.48 0.42 0.07 0.5, 0.05, 0.1
µeff (µB) - - - - - 2.7 1.8 1.7 -
Ts(K) 0.95 0.530, 0.480 1.53 2.0 1.1 0.8 0.25 (S1) 0.8 0.15 (in F3)
0.4 (S2)
∆C/γnTs 2.5 0.545, 0.272 0.93 1.48 0.4 0.2-0.3 0.45 1 -
H
‖
c2(T) 14 2.1 3 3.9 0.9 - - - -
d
dT
H
‖
c2(T/K) -45 −7.2± 0.6 -5.3 -5.45 -1.14 - - - -
H⊥c2(T) - 2.8 14 3.3 0.35 - - - -
d
dT
H⊥c2(T/K) - −4.4± 0.3 -14.5 -4.6 -0.42 - - - -
Hc2(T) - - - - - - - - 0.0265
d
dT
Hc2(T/K) - - - - - - - -10.8 -
ξ⊥, ξ‖ (A˚) 50 ∼120 100, 25 85 - - - 150 1100
λ‖,λ⊥ (A˚) 4000 4500, 7400 ∼7000 4500, 4800 - - - - -
λGL(A˚) - - - - - - 9100 (S1) - -
κ 80 44 70 52 11 - - - -
year of disc. 1984 1984 1986 1991 1991 2000 2001 2007 2004
inferred from a dip in the elastic constants (Modler et al.,
1993).
A key characteristic of crystal electric fields in ura-
nium compounds is, that they hybridize very strongly
with the conduction electrons. This is also the case
in UPd2Al3, where time-of-flight inelastic neutron scat-
tering fails to detect well defined crystal field excita-
tions. Instead very broad spectra consisting of quasielas-
tic Lorentzians plus additional inelastic scattering are ob-
served (Krimmel et al., 1996). The quasi-elastic scatter-
ing thereby limits to an intrinsic width of 5 meV consis-
tent with the 50 K energy scale seen in the susceptibility
and resistivity. When subtracting lattice contributions
by means of reference measurements in ThPd2Al3, the
remaining inelastic scattering is consistent with the crys-
tal field scheme given above.
UPd2Al3 develops strong electronic correlations at low
temperatures with an enhanced linear temperature de-
pendence of the specific heat in the paramagnetic state
γ ∼ 0.21 J/mol K2 (Geibel et al., 1991a). Antiferro-
magnetic order is observed below TN = 14 K (Geibel
et al., 1991b). The magnetic entropy released at TN
is a substantial fraction of the local Zeeman entropy,
Sm = 0.65 R ln 2. The resistivity displays a change of
slope at TN (Caspary et al., 1993). There is no evidence
suggesting the formation of a density-wave, e.g., like the
small maximum in the resistivity near T0 in URu2Si2.
In the ordered state the linear temperature dependence
of the specific heat is also enhanced, γ ∼ 0.15 J/mol K2
(Geibel et al., 1991a).
Early single-crystal studies suggested that the mag-
netic moments in UPd2Al3 are oriented in the basal-plane
of the hexagonal crystal structure, i.e., UPd2Al3 has an
easy magnetic plane (Sato et al., 1992). In zero magnetic
22
field neutron scattering shows commensurate antiferro-
magnetic order with a wave vector ~Q = (0, 0, 1/2) and
an ordered moment µord = 0.85µB/U (Krimmel et al.,
1993). This corresponds to ferromagnetic planes stacked
antiferromagnetically along the c-axis. The ordered mo-
ment in UPd2Al3 displays a mean-field temperature de-
pendence that corresponds essentially to the form of a
S = 1/2 Brillouin function. However, the moment is sys-
tematically larger than S = 1/2 consistent with a tetrava-
lent uranium state.
The onset of antiferromagnetic order in UPd2Al3 may
be seen in a large number of properties. For instance, (i)
the thermal expansion, which shows a large sensitivity
to uniaxial stress (Link et al., 1995), (ii) the longitudi-
nal and transverse elastic constants (Lu¨thi et al., 1993;
Modler et al., 1993), (iii) a kink in the 27Al spin-lattice
relaxation rate and a gradual increase of the 27Al NMR
line width (Kyogaku et al., 1993), (iv) the emergence of
a gap in tunneling spectroscopy (Aarts et al., 1994), and
(v) an increase of the thermal conductivity (Hiroi et al.,
1997).
The magnetic phase diagram of UPd2Al3, which yields
key information of the nature of the magnetic and super-
conducting order, has been studied in considerable de-
tail. For magnetic fields applied in the basal-plane three
transitions at H1 = 0.6 T, H2 = 4.2 T and Hm = 18 T
may be distinguished (Oda et al., 1994; Sugiyama et al.,
1993, 1994; de Visser et al., 1992). In contrast, for the
c-axis no field induced transition may be observed up
to 50 T, the highest field studied. At H1 the ordered
state changes from commensurate antiferromagnetism to
a canted state (Grauel et al., 1992; Kita et al., 1994). The
metamagnetic transition at Hm has attracted consider-
able interest. At Hm the magnetization increases from
∼ 0.5µB/U to ∼ 1.5µB/U (de Visser et al., 1992). Be-
low 4.2 K the transition becomes hysteretic (Sakon et al.,
2001). The magnetoresistance displays a peak at Hm for
H and i ‖ 〈100〉, while there is a discontinuous step in the
magnetoresistance for H ‖ 〈010〉 and i ‖ 〈001〉 (de Visser
et al., 1993).
The critical field Hm increases when tilting the field
direction towards the c-axis. It exceeds 50 T, the highest
field measured, for an angle larger than 60◦ (Oda et al.,
1994; Sugiyama et al., 1994). The angular dependence is
consistent with XY-type of order. Torque magnetization
measurements show that the basal plane anisotropy per-
sists up to 60 K (Su¨llow et al., 1996). The metamagnetic
transition field changes only weakly as a function of tem-
perature, terminating in a tricritical point around 12 K
(Kim et al., 2001b). For temperatures well above the tri-
critical point a cross-over survives at Hm, reminiscent of
the metamagnetic transition (Oda et al., 1999). When
taken together, the latter properties suggest that crystal
electric fields and the electronic structure at the Fermi
level play an important role in controlling the metamag-
netic transition, possibly related to a change of 5f local-
ization.
Superconductivity in UPd2Al3 is observed below Ts =
2 K. Even though Ts is amongst the highest of all
heavy fermion systems, it is nearly an order of mag-
nitude smaller than TN . This distinguishes UPd2Al3
and UNi2Al3 from the systems reviewed above. The
superconducting transition is accompanied by a distinct
anomaly in the specific heat, with ∆C/γTs ≈ 1.48. Be-
low Ts the specific heat varies as C(T ) = γT +AT 3, sug-
gesting the presence of line nodes (Caspary et al., 1993).
Also consistent with lines nodes is the cubic temperature
dependence of the thermal expansion, α ∝ T 3 (Mod-
ler et al., 1993). The ratio of the thermal conductivity
divided by the temperature, κ/T , shows a finite contri-
bution for T → 0 of the order of 10% of the normal
state value (Chiao et al., 1997). Near Ts a cross-over is
observed rather than a sharp kink, followed by a depen-
dence κ/T ∝ T providing further evidence for line nodes
(Hiroi et al., 1997). In magnetic field κ/T increases,
a kink appears at Ts(H) and the temperature depen-
dence changes slightly. Recently angle-resolved magneto-
thermal transport measurements showed the absence of
an orientation dependence in the basal plane, while a
two-fold symmetry exists in the plane perpendicular to
the basal plane (Watanabe et al., 2004a). From this it
was concluded that the gap has a single line node orthog-
onal to the c-axis, while the gap is isotropic in the basal
plane and may be given as ~∆(~k) = ∆0 cos(kzc).
The upper critical fields Hac2 = 3.3 T and H
c
c2 =
3.9 T and the initial slopes ∂Hac2/∂T |Ts ≈ −4.6 T/K
and ∂Hcc2/∂T |Ts ≈ −5.45 T/K are remarkably isotropic
(Ishiguro et al., 1995; Sato et al., 1996). They corre-
sponds to a coherence length ξGL ≈ 85 A˚, where the pen-
etration depths λ⊥(0) = 4800±500 A˚ and λ‖(0) = 4500±
500 A˚ (with respect to the c-axis) inferred from magneti-
zation and µ-SR measurements (Feyerherm et al., 1994;
Geibel et al., 1991a). It establishes UPd2Al3 as strong
type 2 superconductor with κGL ≈ 52. The anisotropy
of Hc2 for T → 0 may be accounted for by an anisotropic
mass model (Sato et al., 1997a). It is instructive to
compare the observed field values with the conventional
weak-coupling orbital and paramagnetic limiting fields,
where Hp0 = 3.7 T, H∗a = 6.4 T and H
∗
c = 7.6 T. Thus
the upper critical fields are smaller than orbital limiting
and close to the paramagnetic limit.
The charge carrier mean free path inferred from the
residual resistivity or the Dingle temperature in quantum
oscillatory studies clearly shows large values of the order
103 A˚. UPd2Al3 exhibits hence type 2 superconductivity
in the clean limit, that is dominated by paramagnetic lim-
iting. This motivated an interpretation of an anomalous
dip in the AC susceptibility and magnetization near Hc2
in terms of a FFLO state (Gloos et al., 1993; Norman,
1993). However, further studies suggest that the anoma-
lous dip exists at all temperatures below Ts in contrast
to the finite temperature range predicted theoretically.
Taken together the anomalous behavior near Hc2 is more
characteristic of the peak effect (Haga et al., 1996). For
a further discussion of FFLO states we refer to section
V.B.1.
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For the further discussion of the interplay of super-
conductivity and antiferromagnetism it is instructive to
consider the nature of the 5f electrons. The U-U spac-
ing in UPd2Al3 and UNi2Al3, given by dU−U = 4.186 A˚
and dU−U = 4.018 A˚, respectively, are well above the Hill
limit of 3.4 A˚ (Hill, 1970). This implies that any itineracy
of the f-electrons must be related to a hybridization with
other electrons. The larger spacing in UPd2Al3 is thereby
consistent with the evidence of stronger localization of
the 5f electrons. Several properties of UPd2Al3 are char-
acteristic of local uranium moments. For instance, the
susceptibility at high temperatures shows a Curie-Weiss
dependence with a fluctuating moment µeff = 3.2µB/U.
Polarized neutron scattering of the magnetic form factors
in an applied field of 4.6 T shows the lack of magnetic
polarization at the Pd site, i.e., the magnetic polariza-
tion is well localized at the uranium site (Paolasini et al.,
1993). It was however not possible to infer unambigu-
ously from the magnetic form factor, whether uranium is
tetravalent. The observed ratio of the orbital to the spin
moment R = µL/µS ≈ −2.01 is closer to the value of
U3+ (R = −2.56) than for U4+ (R = −3.29). Uranium
5f x-ray circular dichroism is characteristic of strong in-
teractions between the 5f states and their environment
(Yaouanc et al., 1998).
The evidence for local moment magnetism is con-
trasted by optical conductivity and quantum oscilla-
tory studies of the Fermi surface, which clearly show
strongly renormalized quasiparticle conduction bands
(Inada et al., 1999; Terashima et al., 1997). In the optical
conductivity Drude behavior is observed with ultra-slow
relaxation rates (Scheffler et al., 2005). At the metam-
agnetic transition at Hm a reconstruction of the Fermi
surface topology is observed without substantial varia-
tion of the renormalization. This may be related to a
magnetic field induced transition from an antiferromag-
netic to a ferromagnetic exchange splitting, but does not
appear to be driven by a localization of the f-electrons.
Experimentally several properties of UPd2Al3 suggest
a dual state, where part of the 5f electrons are local-
ized and the other part are itinerant, i.e., a combination
of both characteristics may be seen in the same physi-
cal quantity. This was first noticed in measurements of
the specific heat under pressure up to 10.8 kbar, where
amongst other things the size of the anomaly at the an-
tiferromagnetic transition is strongly suppressed, while
the superconducting transition is not (Caspary et al.,
1993). Also, the magnetic properties are anisotropic
as opposed to the superconducting properties which are
isotropic (Feyerherm et al., 1994; Ishiguro et al., 1995;
Sato et al., 1996). Neutron scattering (Krimmel et al.,
1993) and NMR/NQR studies (Kohori et al., 1994) fur-
ther show that the antiferromagnetic order survives es-
sentially unchanged in the superconducting state. This
suggests that both forms of order may be carried by dif-
ferent subsystems. Finally, the spectrum of excitations
exhibits different contributions. Resonant 5d - 5f pho-
toemission shows a sharp peak near EF and a broad
hump at a binding energy ∼ 1 eV characteristic of the
features expected of itinerant and localized 5f electrons,
respectively (Ejima et al., 1994; Takahashi et al., 1995).
As a function of temperature photoemission establishes
that the electronic properties change from itinerant to
localized (Fujimoto, 2007; Sato, 1999). Inelastic neutron
scattering shows a weakly dispersive mode at an energy
of ∼1.5 meV that softens at TN , consistent with early
studies (Petersen et al., 1994), and a quasi-elastic sig-
nal at the antiferromagnetic ordering wave vector (Sato
et al., 1997b). UPd2Al3-Pb tunnel junctions show a su-
perconducting gap around 0.235 meV and antiferromag-
netic spin wave mode around 1.5 meV, consistent with
the neutron scattering studies (Jourdan et al., 1999).
At first sight the dispersive and the quasi-elastic exci-
tations in UPd2Al3 seen in neutron scattering may ap-
pear to be disconnected. However, polarized neutron
scattering shows that the dispersive mode and the quasi-
elastic signal are both transversely polarized. This sug-
gests a common origin (Bernhoeft et al., 1998). As part
of this study it was further shown that the spectrum of
antiferromagnetic spin fluctuations in the framework of
conventional paramagnon theory (Lonzarich and Taille-
fer, 1985; Moriya, 1985) is quantitatively consistent with
TN and the enhancement of the normal state specific
heat. As the temperature decreases below Ts the quasi-
elastic spectrum changes and a steep maximum emerges
at very small ω. The maximum is also referred to as
resonance mode. When plotting the maximum as a func-
tion of temperature, a remarkable agreement with the
temperature dependence of a BCS gap is found, where
2∆ = 3.86kBTs (Bernhoeft et al., 1999; Metoki et al.,
1998). Under magnetic field the resonance vanishes at
Hc2 (Blackburn et al., 2006a). In a spin-echo neutron
scattering study the vanishing of spectral weight in the
superconducting state was investigated at µeV resolu-
tion (Blackburn et al., 2006b). The experiments establish
that the intensity vanishes completely, placing a strong
constraints on the pairing symmetries.
Self-consistent LDA band structure calculations treat-
ing the 5f states in UPd2Al3 as being itinerant repro-
duce the ordered magnetic moment, magneto-crystalline
anisotropy and de Haas-van Alphen spectra (Sandratskii
et al., 1994). These studies also showed that an anti-
ferromagnetic and ferromagnetic ground state are nearly
degenerate, consistent with the metamagnetic transition
atHm = 18 T. In these calculations the two largest Fermi
surface sheets have markedly different 5f contributions,
where one is almost purely 5f and the other yields 30 %
5f character, respectively (Kno¨pfle et al., 1996). These
differences may provide a tentative explanation for the
dual behavior.
In recent years a controversy has developed concerning
the interplay of antiferromagnetic order and supercon-
ductivity in UPd2Al3. In the traditional view of heavy-
fermion systems the f-electron orbitals are screened by a
singlet coupling with the conduction electrons and then
condense into a heavy Fermi liquid at low temperatures.
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In this scenario the f-electrons are itinerant and the su-
perconductivity is due to an abundance of soft magnetic
fluctuations. The effects of spin-orbit coupling may then
be treated by a two-component susceptibility (Bernhoeft
et al., 1998; Bernhoeft and Lonzarich, 1995). Here the
observation that the correlation length associated with
the resonance peak matches the superconducting coher-
ence length inspired an interpretation of the resonance
peak as a key feature of the Copper pairs themselves.
The main objection against the traditional scenario is its
lack of material specific aspects.
In an alternative scenario it has been proposed that
only one of the three 5f uranium electrons is itiner-
ant, whereas the other two are localized (Sato et al.,
2001; Zwicknagl et al., 2002). The microscopic under-
pinning of this so-called duality-model are strong intra-
atomic correlations that are subject to Hund’s rules and
weak anisotropic hopping (Efremov et al., 2004). In
the duality-model the exchange interaction between the
itinerant- and localized-electron subsystems drives the
superconductivity in terms of a magnetic exciton. The
main objection against the duality-model and a pairing
mediated by crystal field excitations is, that the crystal
field levels cannot be distinguished experimentally. The
model nevertheless proves to be quite powerful. In a first
analysis an A1g order parameter symmetry was predicted
(Miyake and Sato, 2001). Further implications have
been worked out in a strong coupling approach which
were found to be compatible with experiment (McHale
et al., 2004). The theoretical analysis established that
the emergence of unconventional superconductivity re-
sults in a resonance peak in the spectrum of magnetic
excitations, consistent with neutron scattering (Chang
et al., 2007).
We conclude this section with a brief review of the
properties of UPd2Al3 at high pressure. The electri-
cal resistivity under pressure shows that TN decreases
from 14 K to about 8 K at a pressure of 65 kbar, while
the normal state maximum in the resistivity increases
(Link et al., 1995). At low pressures elastic neutron
scattering shows an initial increase of µord, followed
by a decrease above 5 kbar with a rate dµord/dp =
−016µB/kbar. This is tracked by TN which decreases
at a rate dTN/dp ≈ −0.05 K/kbar at high pressures
(Honma et al., 1999). Up to 11 kbar the lattice constants
decrease at a rate c−10 dc/dp = 7.5 × 10−4 kbar−1 and
a−10 da/dp = 4.728× 10−4 kbar−1.
High-pressure x-ray diffraction in UPd2Al3 and
UNi2Al3 up to 400 kbar shows that both compounds
have essentially the same bulk modulus B0 = 159(6) GPa
(Krimmel et al., 2000). In UPd2Al3 these studies further
revealed a structural phase transition at pc =250 kbar
from a high-symmetry hexagonal to low-symmetry or-
thorhombic state with space group Pmmm. Up to
230 kbar the c/a ratio remains essentially constant. In
the high-pressure phase the compressibility is a factor of
two larger. The structure above pc belongs to space group
Pmmm, which is a subgroup of Cmmm, which in turn is
a non-hexagonal non-isomorphic subgroup of P6/mmm.
The shortest metal-metal spacing in UPd2Al3 is the U-Pd
distance, which reaches 1.51 A˚ at pc. Interestingly this
corresponds to the sum of ionic radii of U4+ and Pd4+,
suggesting a U4+ valence fluctuating state below pc and
U4+ to U5+ transition at pc, where the ionic radius of U5+
is reduced by 15%. A combination of resonant inelastic x-
ray scattering with first principles structure calculations
is consistent with a delocalization from U+4−δ to U+4+δ
(Rueff et al., 2007). Finally, the extrapolated pressure,
where the superconductivity in UPd2Al3 vanishes corre-
sponds to the critical pressure of the structural transition
(Link et al., 1995). While this may be completely fortu-
itous, it might alternatively identify the tetravalent U
configuration as a precondition for superconductivity.
b. UNi2Al3 In comparison to UPd2Al3 the magnetism
and superconductivity in UNi2Al3 are much more typical
of itinerant 5f electrons. The antiferromagnetic order is
an incommensurate spin density wave, and the supercon-
ductivity is a candidate for spin-triplet pairing. Further,
at the antiferromagnetic transition at TN = 4.6 K the
anomalies in the physical properties, such as the specific
heat, are fairly weak. The corresponding magnetic en-
tropy released at TN is small, Sm = 0.12R ln 2 (Tateiwa
et al., 1998). Likewise the resistivity only shows a faint
feature at TN (Dalichaouch et al., 1992). As compared
with UPd2Al3 the smaller U-U distance, dU−U = 4.018 A˚
in UNi2Al3, is also compatible with the more itinerant
character of the 5f electrons. As mentioned above, be-
cause the U-U distance in both compounds is above the
Hill limit (3.4 A˚) the itineracy must be due to hybridiza-
tion with other electrons.
The normal state susceptibility displays a broad maxi-
mum at T ∗ ∼ 100 K, characteristic of a dominant energy
scale, but the coherence temperature may be as high as
300 K (Sato et al., 1996). The normal state properties of
UNi2Al3 at low temperatures show the presence of strong
electronic correlations. This is best seen in the specific
heat, which shows an enhanced Sommerfeld coefficient
γ = 0.12 J/mol K2 and an enhanced T 2 resistivity (Geibel
et al., 1991a).
Selected microscopic probes nevertheless suggest a cer-
tain degree of 5f localization. Photoemission exhibits
a combination of a sharp peak near EF , a smaller fea-
ture around 0.6 eV and broad hump at 2 eV (Yang et al.,
1996). The features near EF and at 0.6 eV have been
attributed to itinerant and localized 5f electrons, respec-
tively, while the hump at 2 eV is related to the Ni 3d
states. The photoemission studies compare with polar-
ized neutron scattering and circular dichroism measure-
ments, which show a nearly spherical magnetization dis-
tribution at the uranium sites of the order 86% in both
UPd2Al3 and UNi2Al3. In UPd2Al3 the remaining 14%
are due to diffuse background, while in UNi2Al3 the re-
maining 14% can be attributed to the Ni site (7%) and
diffuse background (7%) (Kernavanois et al., 2000). The
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5f orbital contribution observed in circular dichroism is
consistent with that inferred from the polarized neutron
scattering study. A local character of the 5f electrons
has finally also been inferred from µ-SR measurements
(Amato et al., 2000; Schenck et al., 2000). A peculiarity
of the µ-SR studies in UNi2Al3 are extended muon stop-
ping sites, where the muon may tunnel along a ring of
six m-sites that surrounds the b-site (0, 0, 1/2).
The bulk magnetic anisotropy of UNi2Al3 is compara-
ble to UPd2Al3 and of the order 3 to 5 depending on the
temperature (Sato et al., 1996; Su¨llow et al., 1997). The
proposed crystal electric field scheme to account for the
susceptibility is the same for UPd2Al3, however, with
larger values. Specifically, a Γ4 singlet ground state is
followed by a Γ1 first excited singlet at 100 K, two Γ6
doublets at 340 K, two Γ5 doublets at 450 K, one Γ3 sin-
glet at 1300 K and a Γ5 doublet at 1800 K (Su¨llow et al.,
1997). It is interesting to note, that the ratio of ordered
moment to TN in both compounds is consistent with the
crystal field scheme. As for UPd2Al3 the experimental
evidence hence also supports a tetravalent uranium con-
figuration.
Neutron scattering experiments in UNi2Al3 at first
failed to detect the antiferromagnetic order (Krimmel
et al., 1992), while µSR and NMR showed numerous
features hinting at incommensurate antiferromagnetism
with a small ordered moment (Amato et al., 1992; Kyo-
gaku et al., 1993). Moreover, 27Al NMR shows an en-
hancement of the spin lattice relaxation rate near TN
characteristic of an abundance of spin fluctuations (Kyo-
gaku et al., 1993). Single-crystal elastic neutron scat-
tering eventually revealed a second order phase transi-
tion of incommensurate antiferromagnetic order at TN =
4.6 K with a wave vector ~Q = (1/2 ± δ, 0, 1/2), where
δ = 0.110 ± 0.003, and a magnetic correlation length,
ξm ≈ 400 A˚, are typical of heavy fermion systems. The
ordered moment µord = (0.24 ± 0.10)µB is indeed small
(Lussier et al., 1997; Schro¨der et al., 1994) with a crit-
ical exponent β = 0.34 ± 0.03 characteristic of three-
dimensional order. In particular the latter feature con-
trasts the small moment antiferromagnetism in UPt3 and
URu2Si2. Spherical neutron polarimetry finally estab-
lished that the magnetic structure may indeed be viewed
as a spin-density wave, where the moments point in the
~a∗ direction and the amplitude is modulated (Hiess et al.,
2001). The antiferromagnetic planes are stacked along
the c-axis. The magnetic phase diagram of UNi2Al3 as in-
ferred from the bulk properties is fairly isotropic (Su¨llow
et al., 1997). An exception is the crystallographic b-axis,
where an additional transition has been taken as evidence
of an incommensurate to commensurate phase transition,
i.e., magnetic field allows to tune the commensurabil-
ity. Taken together, the magnetic order in UNi2Al3 and
UPd2Al3 differ considerably.
UNi2Al3 superconducts below a temperature Ts =
1.06 K. In polycrystalline samples the specific heat
anomaly is distinct but small, with ∆C/γTs ≈ 0.4.
Magnetization measurements of Hac1 ≈ 0.002 T and
Hac2 ≈ 0.52 T imply type II superconductivity with
a Ginzburg-Landau κ ≈ 11 (Sato et al., 1996). In
contrast to UPd2Al3, which shows a fairly isotropic
Hc2 and initial slope near Ts and paramagnetic limit-
ing UNi2Al3 displays marked anisotropies where Hcc2 ≈
0.9 T, dHcc2/dT = −1.14 T/K and Hac2 ≈ 0.35 T,
dHac2/dT = −0.42 T/K, respectively (Sato et al., 1996).
As for UPd2Al3 these values may be compared with the
expected paramagnetic limit Hp0 = 0.18 T and orbital
limits H∗ac2 = 0.79 T and H
∗c
c2 = 0.29 T. Thus Hc2 ex-
hibits orbital limiting Hc2 ≈ H∗c2 and Hc2 < Hp0 in stark
contrast to UPd2Al3. At first sight this comparison sug-
gests pure orbital limiting consistent with triplet pairing
(Ishida et al., 2002). However, it may also be reconciled
with the coexistence of superconductivity and antifer-
romagnetic order (Sato et al., 1996). In any case, the
superconductivity clearly shows numerous hints for un-
conventional pairing. For instance, NMR measurements
show the absence of a Hebel-Slichter peak at Ts (Kyogaku
et al., 1993), where the decrease of 1/T1 in the supercon-
ducting state is consistent with line nodes (Tou et al.,
1997). The Knight shift remains, moreover, unchanged
in the superconducting state characteristic of spin-triplet
pairing (Ishida et al., 2002). This contrasts the behavior
observed in UPd2Al3, where the decrease of the Knight
shift indicates spin-singlet pairing. Spin triplet pairing
in bulk samples of UNi2Al3 is also contrasted by prelim-
inary studies of thin epitaxial films of UNi2Al3. These
studies suggest that Ts depends on the current direction,
where Hc2 implies spin-singlet pairing (Jourdan et al.,
2004).
Early µ-SR measurements suggested a genuine coexis-
tence of superconductivity and antiferromagnetism (Am-
ato et al., 1992). Elastic neutron scattering shows an ef-
fective increase of the ordered magnetic moment in the
superconducting state (Lussier et al., 1997). Inelastic
neutron scattering shows quasi-elastic scattering around
~Q = (0.39, 0, 0.5) similar to what is observed in UPd2Al3,
but with a reduced intensity of about 10%. However,
there is neither a build-up of additional intensity nor a
gap developing, nor a gapped spin wave excitation (Aso
et al., 2000). Further studies established quasi-elastic
scattering along (H, 0, n/2), where n is an odd integer,
and the width is ∼ 6 meV. This scattering shifts with in-
creasing temperature from an incommensurate to a com-
mensurate position (Gaulin et al., 2002).
As for UPd2Al3 only a small pressure dependence of
TN and Ts is observed in UNi2Al3, given by dTN/dp ≈
−0.12 K/kbar and dTs/dp = −(0.024 ± 0.003) K/kbar
(Wassermann and Springford, 1994). In fact, substitu-
tional doping of Ni by Pd appears to act dominantly
like pressure. Likewise the bulk modulus determined by
x-ray diffraction up to 385 kbar is similar and given by
B0 = 150(5)GPa without evidence for a structural phase
transition up to 385 kbar (Krimmel et al., 2000). In
UNi2Al3 the pressure where an U-Pd spacing is reached
that is equivalent to UPd2Al3 at pc may be extrapolated
as 725 kbar.
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In summary both UPd2Al3 and UNi2Al3 do not seem
to be located in the immediate vicinity of a zero temper-
ature instability, that may be reached with hydrostatic
pressure. This may provide an important hint, that crys-
tal electric fields indeed provide a key ingredient for the
superconductivity to occur in both compounds.
c. CePt3Si The discovery of heavy-fermion supercon-
ductivity in the antiferromagnetic state of CePt3Si has
attracted great interest, not so much because it coex-
ists with antiferromagnetic order, but because the crys-
tal structure of CePt3Si lacks inversion symmetry (Bauer
et al., 2004a). The low temperature properties of this
compound are characterized by the onset of commen-
surate antiferromagnetic order at TN = 2.2 K with an
ordering wave vector ~Q = (0, 0, 1/2). Even though
band structure calculations show dominant effects of the
Rashba spin-orbit coupling on the electronic structure
(Samokhin, 2004; Samokhin et al., 2004), chiral compo-
nents or a canting of the magnetic order have so far not
been observed.
The value of Ts = 0.75 K first reported for CePt3Si is
fairly high. In contrast, more recent work suggest a lower
Ts = 0.45 K in combination with sharper magnetic and
superconducting transitions (Takeuchi et al., 2007). Due
to the lack of inversion symmetry CePt3Si may be viewed
as the first representative of a new class of heavy-fermion
superconductors. Further members of this class discov-
ered so far are CeRhSi3, CeIrSi3 and CeCoGe3. The
properties of the non-centrosymmetric superconductors
including CePt3Si is reviewed in section IV.A.
2. Small moment antiferromagnets
a. UPt3 The heavy fermion compound UPt3 exhibits
two forms of order at low temperatures. At TN ≈ 5 K
UPt3 orders antiferromagnetically. This is followed by
a superconducting transition at Ts = 0.54 K. Because
UPt3 so far is the only intermetallic compound, which
unambiguously displays multiple superconducting phases
with different order parameter symmetries, it has been
studied in great detail. In the following we briefly review
key features of the magnetic order and superconductivity
to put them in perspective with the antiferromagnetic
compounds addressed so far. The evidence for multiple
superconducting phases is addressed in section V. For an
extensive review of the properties of UPt3 we refer to
(Joynt and Taillefer, 2002).
UPt3 crystallizes in a hexagonal structure, space group
P63/mmc, point group D6h. The lattice parameters
are a = 5.764 A˚ and c˜ = 4.899 A˚, where c˜ is the dis-
tance between neighboring planes. It is convenient to
define the b-axis perpendicular to the a-axis (and thus
parallel to the a∗ axis). The molar volume is Vm =
42.43×10−6 m3/mol U and the nearest U-U distance with
dU−U = 4.132 A˚ quite large. The compressibilities have
been inferred from measurements of the sound velocity.
They are given by κa = −a−1da/dp = 0.164 Mbar−1,
κc = −c−1dc/dp = 0.151 Mbar−1 and for the volume
κV = 2κa + κc = 0.479 Mbar−1 (de Visser et al., 1987).
Several transmission electron microscopy studies have re-
ported a possible incommensurate structural modulation.
However, it is now generally believed that this modula-
tion results from ion milling and is not present in bulk
samples (Ellman et al., 1997, 1995).
The normal state properties of UPt3 at low temper-
atures are well described as a heavy Fermi liquid. The
normal state specific heat in UPt3 up to 1.5 K is linear
in temperature with C/T ≈ 0.44 ± 0.02 J/K2 mol and a
weak cubic term T 3 ln(T/T ∗) as discussed in (de Visser
et al., 1987). At higher temperatures an additional T 3
contribution emerges consistent with a Debye tempera-
ture ΘD ≈ 210 K. For H > Hc2 an unexplained ad-
ditional strong upturn in C/T emerges below ∼ 0.1 K
(Brison et al., 1994).
As a function of temperature the resistivity of UPt3
decreases monotonically from a room temperature value
ρab ≈ 230µΩcm and ρc ≈ 130µΩcm (Kimura et al., 1995;
de Visser et al., 1987). At low temperatures a quadratic
temperature dependence of the resistivity is observed
ρ(T ) = ρ0 + AT 2 where Aab ≈ 1.55 ± 0.1µΩ cm K−2
and Ac ≈ 0.55 ± 0.05µΩ cm K−2 (e.g., (Kimura et al.,
1995; Lussier et al., 1994; Suderow et al., 1997). At low
temperatures the anisotropy of the resistivity is essen-
tially temperature independent with ρb/ρc ≈ 2.6. The
anisotropy is attributed to differences of Fermi veloci-
ties. The charge carrier mean free path inferred from the
residual resistivity and quantum oscillatory studies is of
the order 5000 A˚. Under pressure the A coefficient of the
resistivity decreases at a rate d lnA/dp ≈ −40 Mbar−1
(Ponchet et al., 1986; Willis et al., 1985). A comparison
of the T 2 resistivity with the linear temperature depen-
dence of the specific heat establishes consistency of the
ratio γ/
√
A with other heavy fermion systems (Kadowaki
and Woods, 1986). The observation that UPt3 forms a
slightly anisotropic three-dimensional Fermi liquid with
strong electronic correlations is underscored by tempera-
ture dependence observed in thermal conductivity mea-
surements (Lussier et al., 1994; Suderow et al., 1997).
The normal state magnetic properties of UPt3 are
strongly enhanced. The uniform susceptibility in the
basal plane exhibits a strong Curie-Weiss dependence at
high temperature and a broad maximum around 20 K
(Frings et al., 1983). The susceptibility is anisotropic
with χc < χab. The behavior seen in the uniform
susceptibility is tracked in 195Pt NMR (Tou et al.,
1996). Inelastic neutron scattering establishes a com-
plex spectrum of antiferromagnetic fluctuations (Aeppli
et al., 1988, 1987). At moderate temperatures a fluc-
tuation spectrum characteristic of large uranium mo-
ments (∼ 2µB) is observed with a characteristic energy
of 10 meV. Below ∼ 20 K antiferromagnetic correlations
develop at ~Q = (0, 0, 1) that peak around 5 meV. These
fluctuations correspond to correlations between adjacent
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nearest-neighbor uranium sites. When decreasing the
temperature well below 20 K additional antiferromag-
netic correlations develop around ~Q = (±1/2, 0, 1) with
a characteristic energy ∼ 0.3 meV and an effective mo-
ment ∼ 0.1µB. These fluctuations correspond to inter-
site correlations within each hexagonal plane. Finally,
slow magnetic fluctuations with a dispersive relaxation
rate exist at low temperatures (Bernhoeft and Lonzarich,
1995). Thus the excitation spectrum yields a duality of
slow and fast excitations somewhat similar to UPd2Al3.
In what way these fluctuations affect the unconventional
superconductivity in UPt3 is an open issue.
The magnetic properties of UPt3 finally include also
an elastic component of the magnetic correlations at
~Q = (±1/2, 0, 1) with a tiny ordered moment around
0.01 to 0.03µB/U. The antiferromagnetic order was first
noticed in µ-SR and later confirmed by neutron scatter-
ing (Aeppli et al., 1988). The magnetic order is collinear
and commensurate with fairly short correlation lengths
∼ 300 A˚. It appears to be insensitive to sample qual-
ity. Perhaps most remarkably, the only experimental
probes that are sensitive to the antiferromagnetic order
are neutron scattering and µ-SR. Notably, the antiferro-
magnetism is not seen in NMR (Tou et al., 1996), specific
heat (Fisher et al., 1991) and magnetization. It has there-
fore been suggested that the magnetic order is essentially
dynamic in nature.
Microscopic evidence that UPt3 forms a heavy-fermion
ground state par excellence was obtained in quantum os-
cillatory studies (Taillefer and Lonzarich, 1988; Taillefer
et al., 1987). The studies revealed a wide range of mass
enhancements up to 120 times of the free electron mass.
Despite these strong mass enhancements the spectra were
found to be in remarkable agreement with density func-
tional theory taking the 5f electrons to be itinerant (see
(Joynt and Taillefer, 2002) and references therein). Most
of the frequencies, especially those corresponding to large
portions of the Brillouin zone could be identified satis-
factorily. In summary the Fermi surface consists of six
sheets of uniformly high effective masses. In fact, the
Fermi velocities on the observed sheets are extremely
slow 〈vF 〉bc ≈ 5000 m/s and do not differ by more than
15%. In contrast to the topology of the Fermi surface,
functional density theory fails to account for these large
mass renormalizations.
It has been proposed that the mass enhancement in
UPt3 is due to a duality of the 5f electrons in the spirit
of that discussed for UPd2Al3 and UNi2Al3 (Zwicknagl
et al., 2002). In this scenario one f electron is itinerant
while the other two are localized. The mass enhancement
in UPt3 can be accounted for, when assuming a crystal
field level scheme similar to UPd2Al3 with a Γ4 ground
state and Γ3 first excited state. A potential weakness of
this assumption is that the crystal field levels hybridize
so strongly with the conduction electrons, that inelastic
neutron scattering fails to detect them. The relation-
ship of the duality model as applied to UPt3 and the ex-
perimentally observed tiny ordered moments is thereby
also an unresolved issue. The recent thorough analysis
of quantum oscillatory studies of the Fermi surface are,
finally, in much better agreement with fully itinerant f-
electrons (McMullan et al., 2008).
Measurements of the resistivity, specific heat and AC
susceptibility establish UPt3 as a bulk superconductor
(Stewart et al., 1984). Early studies of the ultrasound
attenuation in magnetic field (Mu¨ller et al., 1987; Qian
et al., 1987; Schenstrom et al., 1989) and of Hc2 (Taille-
fer and Lonzarich, 1988) suggested the possibility of two
superconducting phase transitions. This was eventually
confirmed in high resolution specific heat measurements
(Fisher et al., 1989; Hasselbach et al., 1989). Further
studies establish that there are three superconducting
phases, denoted A, B and C. The antiferromagnetic or-
der can be shown to introduce an additional symmetry
breaking that stabilizes these phases. In summary three
pieces of evidence identify UPt3 as unconventional su-
perconductor. First, several transport quantities display
marked anisotropies, most notably the ultrasound veloc-
ity and the thermal conductivity. Second, there is evi-
dence for phase transitions within the superconducting
state as seen in the specific heat and ultrasound attenu-
ation. Third, several properties show activated tempera-
ture dependences instead of the exponential freezing out
of excitations. The superconducting phases of UPt3 will
be described in further detail in section V.
b. URu2Si2 The body-centered tetragonal uranium
compound URu2Si2, space group I4/mmm, crystallizes
with lattice constants a = 4.128 A˚ and c = 9.592 A˚.
At low temperatures it undergoes two phase transitions
(Schlabitz et al., 1984): a transition to an hitherto un-
known form of order at T0 ≈ 17.5 K, and a second tran-
sition at Ts ≈ 1.4 K to unconventional superconductiv-
ity (Maple et al., 1986; Palstra et al., 1985; Schlabitz
et al., 1986). The entropy released at T0 is given by
∆S ≈ 0.2R ln 2. Despite intense experimental and the-
oretical efforts the ordering phenomenon accounting for
this entropy reduction has still not been identified. The
phase below T0 in URu2Si2 has in turn become known as
”hidden order” (HO). The hidden order exhibits many
characteristics of an electronic condensation: (i) the spe-
cific heat is consistent with a BCS gap (Maple et al.,
1986), (ii) the resistivity at T0 is strongly reminiscent of
the density-wave system chromium (Fawcett, 1988), (iii)
slight doping suppresses the resistivity anomaly rapidly
(Kim et al., 2004), (iv) the magnetization at T0 suggests
the formation of a spin gap (Park et al., 1997), while
optical conductivity indicates a charge gap (Bonn et al.,
1988). Recent thermal conductivity measurements also
point towards a gap formation (Sharma et al., 2005). The
Hall effect and magnetoresistance suggest near compen-
sation of particle- and hole-carriers and a strong inter-
play between the stability of the hidden order under Rh-
doping and the degree of polarization of the Fermi liquid
and the Fermi surface topology (Jo et al., 2007; Oh et al.,
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2007).
Neutron diffraction in URu2Si2 shows antiferromag-
netic order below T0 with a [001] modulation of tiny mo-
ments, (0.03 ± 0.01)µB/U, and the spins aligned along
the c-axis (Broholm et al., 1987). The magnetic order is
three-dimensional with strong Ising-type spin anisotropy.
Within a local-moment scenario the antiferromagnetism
does not account for ∆S. This contrasts antiferromag-
netism with a large moment of 0.4µB/U and the same
Ising anisotropy, which emerges under large hydrostatic
pressure (Amitsuka et al., 1999). A recent phase dia-
gram is shown in Fig. 11 (Amitsuka et al., 2006). NMR
(Matsuda et al., 2003, 2001) and µ-SR (Amitsuka et al.,
2003) measurements suggest that the tiny-moment an-
tiferromagnetism at ambient pressure represents a tiny
volume fraction of large moment antiferromagnetism. As
function of pressure T0 increases, where dT0/dp increases
p∗ ≈ 14 kbar. In fact, the increase of dT0/dp at p∗ even
persists under Re-doping (Jeffries et al., 2007). There
is currently growing consensus, that the small antiferro-
magnetic moment is not an intrinsic property of the hid-
den order. However, a spin-density-wave close to perfect
nesting may exhibit the combination of a small moment
with a large reduction of entropy (Chandra et al., 2003;
Mineev and Zhitomirsky, 2005).
The hidden order in URu2Si2 is bounded by more con-
ventional behavior at high excitation energies, high pres-
sure and high magnetic fields. Inelastic neutron scatter-
ing shows a gap ∆(T → 0) ≈ 1.8 meV in the excitation
spectrum on top of the anisotropy gap (Broholm et al.,
1991). At low energies and temperatures, dispersive
crystal-field singlet–singlet excitations at the antiferro-
magnetic ordering wave vector are observed. These prop-
agating excitations merge above 35 meV or for T > T0,
respectively, into a continuum of quasi-elastic antifer-
romagnetic spin fluctuations, as normally observed in
heavy-fermion systems. The excitations exhibit the Ising
anisotropy up to the highest energies investigated exper-
imentally. A rough integration of the fluctuation spectra
suggests that the size of the fluctuating moments would
be consistent with ∆S, provided that these moments are
involved in the ordering process (Broholm et al., 1991;
Wiebe et al., 2007). Under large applied magnetic fields
parallel to the c-axis the antiferromagnetic moment and
T0 decrease, where T0 collapses to zero at Bm = 38 T
(Bourdarot et al., 2005, 2003; Mason et al., 1995; Santini
et al., 2000). At BM a cascade of metamagnetic transi-
tions is observed, in which a large uniform magnetization
is recovered (Harrison et al., 2003; Kim et al., 2003b). Up
to Bm the entropy reduction at T0 stays approximately
constant (Kim et al., 2003a), while the gap ∆, as seen in
neutron scattering, increases at least up to 17 T (Bour-
darot et al., 2003). For a recent review see, e.g., (Harrison
et al., 2004).
The antiferromagnetic order in URu2Si2 is stabilized
under uniaxial stress along certain crystallographic di-
rections and hydrostatic pressure. NMR (Matsuda et al.,
2001), µSR (Amitsuka et al., 2003) and neutron scatter-
FIG. 11 Temperature versus pressure phase diagram of
URu2Si2 inferred from various experimental probes. The on-
set of the hidden order T0 is weakly pressure dependent. The
hidden order changes to large moment Ising antiferromag-
netism above 7 kbar without pronounced effect on the evolu-
tion of T0/TN . Superconductivity vanishes with the appear-
ance of the antiferromagnetism. HO: hidden order; AF: large
moment antiferromagnet; SC: superconductivity. Plot taken
from (Amitsuka et al., 2006).
ing (Amitsuka et al., 1999) measurements suggest, that
the AF volume fraction increases and reaches 100% above
pc ∼ 14 kbar. An analogous increase of the AF signal is
also seen in neutron scattering under uniaxial stress of a
few kbar along the [100] and [110] directions (Yokoyama
et al., 2005, 2002), but not under uniaxial stress along the
c-axis [001]. Inelastic neutron scattering under pressure
shows that the dispersive crystal-field singlet excitations
at low energies vanish at high pressures (Amitsuka et al.,
2000), consistent with them being a property of the HO
volume fraction.
A major challenge are measurements of the Fermi sur-
face. For instance, de Haas–van Alphen (dHvA) studies
under hydrostatic pressure (Nakashima et al., 2003) do
not resolve abrupt changes of the dHvA frequencies and
cyclotron masses at pc. This contrasts naive expectation
of a distinct phase separation at pc. In these studies the
most important observation is a considerable increase of
the cyclotron mass with increasing pressure. New in-
sights may be achieved with ultra-pure samples, that
have recently become available (Kasahara et al., 2007;
Matsuda et al., 2008).
A large number of microscopic scenarios have been pro-
posed to explain the hidden order. These include various
versions of spin- and charge-density wave order (Maki
et al., 2002; Mineev and Zhitomirsky, 2005), forms of
crystal electric field polar order (Kiss and Fazekas, 2005;
Ohkawa and Shimizu, 1999; Santini and Amoretti, 1994),
unconventional density waves (Ikeda and Ohashi, 1998)
and orbital antiferromagnetism (Chandra et al., 2002),
Pomeranchuk instabilities (Varma and Zhu, 2006) or ne-
matic electronic phases (Barzykin and Gorkov, 1993),
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combinations of local with itinerant magnetism (Okuno
and Miyake, 1998) and dynamical forms of order (Bern-
hoeft et al., 2003; F˚ak et al., 1999). None of the mod-
els was able to satisfactorily explain all of the available
experimental data; some models are purely phenomeno-
logical yet lack material-specific predictions that can be
readily verified by experiment, while others focus only
on selected microscopic features. This leaves consider-
able space for fresh theoretical input.
The nature of the superconductivity in the hidden or-
der of URu2Si2 is still comparatively little explored. Ts
depends sensitively on sample quality. It is as high as
Ts = 1.53 K in the purest samples, which have residual
resistivities as low as several µΩcm and charge carrier
mean free paths l ∼ 1000 A˚ as inferred from quantum
oscillations (Brison et al., 1995). In the specific heat
the onset of superconductivity is accompanied by a pro-
nounced anomaly, where ∆C/γTs ≈ 0.8 to 0.93 (Brison
et al., 1994; Fisher et al., 1990). However, this value is
reduced by comparison to the weak coupling BCS value
of 1.43. Between Ts and 0.2Ts the specific heat varies
approximately as C ∝ T 2 akin that seen in UPt3. This
is consistent with line nodes of either a Eu(1, 1) or Bg
state (Hasselbach et al., 1993). Line nodes and uncon-
ventional superconductivity has also been inferred from
29Si NMR and 101Ru NQR, where 1/T1 is found to show
no coherence peak and decreases as 1/T1 ∝ T 3 below Ts,
while the Knight shift is unchanged (Kohori et al., 1996;
Matsuda et al., 1996). However, it has been pointed out,
that the specific heat data are equally well explained in
terms of s-wave pairing in the presence of antiferromag-
netism, where nodes are generated by the magnetic order
(Brison et al., 1994).
Further information of the possible location and nature
of the nodal structure has been inferred from the angular
field dependence of the specific heat, where the absence
of an agular dependence in the tetragonal basal plane
and marked anisotropy between a- and c-axis suggests
that the gap nodes are rather localized near the c-axis
(Sakakibara et al., 2007). An anisotropic gap has also
been inferred from point contact spectroscopy, consistent
with d-wave pairing (De Wilde et al., 1994; Hasselbach
et al., 1992; Naidyuk et al., 1996). If the experimental ev-
idence for nodes is indeed due to the antiferromagnetism
as suggested above, this requires, that the small anti-
ferromagnetic moments are an intrinsic property of the
hidden order, or that the hidden order interacts with the
superconductivity in the same way antiferromagnetism
would do.
A different scenario of the superconductivity has re-
cently been proposed based on the electrical and ther-
mal transport properties in ultra-pure URu2Si2 (Kasa-
hara et al., 2007; Matsuda et al., 2008). Here the Hall
effect and magnetoresistance suggest multiband super-
conductivity in a compensated electronic environment.
Most remarkably, in the low temperature limit the ther-
mal conductivity divided by temperature, κ/T displays
a rapid increase at low fields followed by a plateau up to
some intermediate field Hs < 0.2Hc2. Above Hs evolves
differently for field parallel and perpendicular to the c-
axis, but κ/T drops abruptly just below Hc2 characteris-
tic of Hc2 being first order (the first order behavior occurs
below ∼ 0.5K. Based on their observations (Kasahara
et al., 2007) suggest a two-component order parameter,
with two distinct gaps: line nodes perpendicular to the
c-axis on a spherical light hole band and point nodes
along the c-axis on the elliptical heavy electron band.
This scenario, notably the first order behavior and point
nodes are consistent with the magnetic field dependence
of the specific heat in the superconducting state (Yano
et al., 2008). Interestingly, the thermal conductivity in
the same ultra-pure samples also suggest a melting tran-
sition of the flux line lattice and the formation of a co-
herent quasiparticle Bloch state (Okazaki et al., 2008).
The lower critical field of the superconductivity in
URu2Si2 of Hc1(T → 0) ≈ 3.3 × 10−3 T, is essentially
isotropic and displays a weak temperature dependence
(Wu¨chner et al., 1993). Hc2 is in contrast strongly
anisotropic with Hac2 = 14 T and H
c
c2 = 3 T. This im-
plies strong type 2 behavior and short coherence lengths
ξa ≈ 100 A˚ and ξc ≈ 25 A˚. The anisotropy of Hc2 may
be accounted for reasonably well by an anisotropic mass
model (Brison et al., 1994). For the c-axis Hc2 can be
explained by Pauli limiting, while it can be described by
a combination of Pauli and orbital limiting for the a-axis
with strongly anisotropic Pauli limiting between the a-
and c-axis (Brison et al., 1995).
An additional weak increase of Hc2 for the c-axis at low
temperatures that exceeds Pauli limiting has been con-
sidered as tentative evidence for an FFLO phase. Also
unusual is the temperature dependence of the anisotropy
Hac2/H
c
c2, which initially increase below Ts and becomes
constant below ∼ 0.6Ts. In fact, the Ginzburg-Landau
parameter inferred from the magnetization exhibits a
gradual decrease well below Ts, somewhat slower than
the behavior anticipated from Hc2 but consistent with
paramagnetic limiting (Tenya et al., 2000). Finally, a
small positive curvature in the temperature dependence
of Hc2 near Ts has been considered as possible evidence
of a multicomponent order parameter that couples to an
antiferromagnetic moment (Kwok et al., 1990; Thalmeier
and Lu¨thi, 1991). Taken together, it is presently accepted
that URu2Si2 does not display multiple superconducting
phases in terms of real-space or momentum-space mod-
ulations (cf sections V.A.2.e and V.B.1).
The thermal expansion displays pronounced anoma-
lies at Ts with ∆αa = −0.68 × 10−6 K−1 and ∆αc =
0.47 × 10−6 K−1 (van Dijk et al., 1995). Thus, the
superconductivity varies sensitively with uniaxial pres-
sure, notably dTs/dpa = −0.062 K/kbar and dTs/dpc =
+0.043 K/kbar, consistent with experiment (Bakker
et al., 1991). The qualitative temperature dependence
of Hc2 for uniaxial pressure applied along the a-axis re-
mains thereby unchanged (Pfleiderer et al., 1997a). For
comprehensive information on the elastic constants we
refer to (Lu¨thi et al., 1995).
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The interplay of hidden order, small moment antiferro-
magnetism and superconductivity in URu2Si2 is largely
unresolved. Early neutron scattering studies suggested,
that the small antiferromagnetic moments remain either
unchanged in the superconducting state (Broholm et al.,
1987; Mason et al., 1990; Wei et al., 1992) or may be
decreasing by 1 to 2% (Honma et al., 1999). This may
be consistent with a microscopic coexistence of hidden
order and superconductivity. Under hydrostatic pressure
Ts decreases and vanishes between 5 and 14 kbar (Brison
et al., 1994; Jeffries et al., 2007; McElfresh et al., 1987).
The magnetization and specific heat thereby shows, that
the superconducting volume fraction decreases or, alter-
natively, that the superconducting gap vanishes (Fisher
et al., 1990; Tenya et al., 2005; Uemura et al., 2005).
Since the suppression of superconductivity is accompa-
nied by an increase of volume fraction of large antifer-
romagnetic moments, the large moment antiferromag-
netism and superconductivity must represent competing
forms of order. In contrast, the HO may even represent a
precondition for the superconductivity in URu2Si2 to oc-
cur, which points at an unknown superconducting pairing
interaction.
C. The puzzling properties of UBe13
In the following we briefly review the properties of
UBe13. Being the second system in which heavy-fermion
superconductivity was identified this compound remains
one of the most puzzling materials amongst the systems
known to date. For a long time UBe13 seemed to be out-
side any of the patterns observed in the other systems.
Recent work suggests the possible vicinity to an antifer-
romagnetic quantum critical point under magnetic field
(Gegenwart et al., 2004). It is not unlikely, however, that
incipient antiferromagnetism is only part of the story.
UBe13 crystallizes in the cubic NaZn13 structure, space
group O6h or Fm3c with lattice constant a=10.248 A˚
(Pearson, 1958). There are 8 formula units per unit cell,
with two Be sites; the uranium atoms are surrounded by
cages of 24 Be atoms (Goldman et al., 1985). The U-
atoms form a simple cubic sublattice, with a large U-U
spacing dU−U = 5.13 A˚, well above the hill limit of 3.4 A˚,
suggesting that any broadening of the uranium f-states
into bands is due the hybridization with the conduction
bands and not the result of direct overlap of the f-orbitals.
By comparison with other heavy-fermion superconduc-
tors the properties of UBe13 are fairly insensitive to sam-
ple quality. In the normal metallic state of UBe13 the
specific heat exhibits a shallow maximum around 2 K,
with a large linear term C/T = γ ≈ 1.1 J/mol K2 (Ott
et al., 1983, 1984a). The susceptibility displays a strong
Curie Weiss dependence with µeff ≈ 3µB and a Curie-
Weiss temperature Θ ≈ −70 K. The electrical resistivity
increases with decreasing temperature and reaches a large
value of order 240µΩ cm before it decreases around 2 K
and reaches value of 130µΩcm at the onset of supercon-
ductivity. The extrapolated zero temperature residual
resistivity is ρ0 = 60µΩcm (Maple et al., 1985).
Superconductivity was first observed in the resistivity
of UBe13 in 1975 (Bucher et al., 1975) - four years prior
to the discovery of superconductivity in CeCu2Si2. How-
ever, the zero-resistance transition at Ts = 0.9 K was
erroneously attributed to a filamentary uranium segre-
gation. The superconducting transition was eventually
identified as onset of heavy-fermion superconductivity in
1983 by means of specific heat measurements (Ott et al.,
1983). The specific heat anomaly is characteristic of
strong coupling superconductivity with ∆C/γTs ≈ 2.5.
The initial variation of Hc2 near Ts is exceptionally large
dHc2/dT = −45 T/K (Maple et al., 1985; Thomas et al.,
1995). In the zero temperature limit Hc2(T → 0) = 14 T.
Hc2 exhibits strong Pauli limiting and as an additional
feature a change of curvature at T/Ts ∼ 0.5 K. The
unusual temperature dependence of Hc2 has been at-
tributed to a combination of very strong coupling su-
perconductivity and the tendency to form a FFLO state
(see also section V.B.1). While the coupling constant
λ = 15 in these calculations is suspiciously large and ex-
ceeds coupling constants in comparable systems by an
order of magnitude, this scenario finds further support
in the pressure dependence of λ, which tracks the mass
enhancement inferred from dHc2/dT |Ts and the specific
heat (Gle´mot et al., 1999).
Several properties suggest the presence of zeros of the
superconducting gap. The power law dependence of the
specific heat C ∼ T 3 (Mayer et al., 1986; Ott et al., 1987,
1984b) and penetration depth λ ∼ T 2 (Einzel et al.,
1986; Gross et al., 1986) suggest point nodes, whereas
the NMR spin lattice relaxation rate suggests lines nodes
(MacLaughlin et al., 1987). This identifies UBe13 as un-
conventional superconductor, a conjecture that is sup-
ported by the behavior under substitutional Th doping
(Lambert et al., 1986). U1−xThxBe13 displays a complex
phase diagram as show in Fig. 12 with multiple supercon-
ducting phases (Ott et al., 1986). Thermal expansion and
specific heat measurements identify a precursor of this ef-
fect in pure UBe13 (Kromer et al., 1998, 2000). We refer
to section V.A.2.f for a brief discussion of the details of
this phase diagram.
The calculated electronic structure of UBe13 is rel-
atively simple for itinerant f-electrons (Norman et al.,
1987; Takegahara and Harima, 2000). The nature of the
heavy fermion state in UBe13 has nevertheless provided a
major puzzle. By comparison to other heavy fermion sys-
tems the susceptibility and specific heat vary only weakly
under magnetic field. This is contrasted by a strong
negative magnetoresistance (Rauchschwalbe et al., 1985;
Remenyi et al., 1986) providing tentative evidence that
UBe13 is a low density carrier system (Norman et al.,
1987; Takegahara et al., 1986). Under hydrostatic pres-
sure the normal metallic state assumes the more con-
ventional form of a coherent Kondo lattice with a broad
maximum at several 10 K and a decreasing resistivity at
low temperatures (Aronson et al., 1989; McElfresh et al.,
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FIG. 12 Temperature versus Th concentration in
U1−xThxBe13. The upper curve corresponds to the on-
set of superconductivity in the resistivity. In the range
2% < x < 4% a second transition is observed in the specific
heat, which may be related to magnetic order and/or another
superconducting phase. Plot taken from (Maple, 1995).
1990). The superconductivity is suppressed under pres-
sure and Ts extrapolates to zero around 40 kbar. Inter-
estingly the residual resistivity decreases strongly around
40 kbar, suggesting that the scattering mechanism caus-
ing the residual resistivity may be involved in the super-
conducting pairing UBe13.
First neutron scattering studies revealed a broad quasi-
elastic Lorentzian spectrum of magnetic fluctuations with
a half-width of 13.2 meV (Goldman et al., 1986). They
failed to observe evidence for a narrow f-resonance of an-
tiferromagnetic correlations (Goldman et al., 1986; Lan-
der et al., 1992). Recent studies however, reveal short-
range antiferromagnetic correlations below ∼ 20 K for
~Q = (1/2, 1/2, 0) with a characteristic energy width of 1
to 2 meV (Coad et al., 2000; Hiess et al., 2002).
New studies of the normal metallic state as a function
of magnetic field establish non-Fermi liquid behavior with
ρ ∼ T 3/2 and a related logarithmic divergence of the spe-
cific heat (Gegenwart et al., 2004). For field above Hc2 a
regime with T 2 resistivity emerges. This Fermi liquid be-
havior has been linked with the suppression of a feature
in the thermal expansion that has been interpreted as a
freezing of three-dimensional antiferromagnetic fluctua-
tions. When taken together this has motivated specula-
tions on a field-tuned antiferromagnetic quantum critical
point ∼ 5 T in UBe13, at least as a facet of the complex
cobination of properties of UBe13.
III. INTERPLAY OF FERROMAGNETISM AND
SUPERCONDUCTIVITY
Several f-electron ferromagnets have been found in re-
cent years, that exhibit superconductivity with Ts  TC
(cf table III). These systems contrast the reentrant su-
perconductivity observed in ErRh4B4 and related com-
pounds, where ferromagnetic order appears well below
the superconducting transition temperature and both
forms of order originate in separate microscopic subsys-
tems. We begin this section with a review of systems
that exhibit superconductivity in the ferromagnetic state,
notably UGe2 and URhGe. We next address supercon-
ductivity at the border of ferromagnetism in UCoGe and
UIr.
A. Superconducting Ferromagnets
1. UGe2
The superconducting ferromagnet UGe2 crystallizes in
the orthorhombic ThGe2 crystal structure, space group
Cmmm (no. 65), with lattice constants a = 3.997(3) A˚,
b = 15.039(7) A˚ and c = 4.087(2) A˚ (Boulet et al., 1997;
Oikawa et al., 1996). The crystal structure of UGe2 is
dominated by zig-zag chains of the U atoms along the
a-axis, where the U-spacing, dU−U = 3.85 A˚. As for
UPd2Al3 and UNi2Al3 the U-U distance is above the Hill
limit and without hybridization with other electrons the
f-electrons would be localized. The U-chains are stacked
with Ge atoms at interstitial positions to form corrugated
sheets. These sheets are separated by further Ge atoms
along the b-axis, giving the crystal structure a certain
two-dimensional appearance perpendicular to the b-axis.
As discussed below the two-dimensional crystallographic
appearance manifests itself in the electronic structure,
which is dominated by a large cylindrical Fermi surface
sheet along the b-axis (Shick et al., 2004; Shick and Pick-
ett, 2001).
At ambient pressure UGe2 develops ferromagnetic or-
der below TC = 52 K with a zero temperature ordered
moment µs = 1.48µB/U aligned along the a-axis. By
comparison with the a-axis, the b- and c-axis exhibit
large magnetic anisotropy fields (∼ 100 T for the c-axis)
(Onuki et al., 1992). The magnetic anisotropy imposes
a strong Ising character on the magnetic properies. In
turn the temperature dependence of the ordered moment
varies as M(T ) ∝ (T − TC)β between 0.9TC and TC ,
where β = 0.33 is close to calculated value β ≈ 0.36 of
a 3D Ising ferromagnet (Huxley et al., 2001; Kernavonis
et al., 2001).
Neutron depolarization measurements down to 4.2 K
establish, that the magnetic moments are strictly aligned
along the a-axis, with a typical domain size in the bc-
plane of the order 4.4µm (Sakarya et al., 2005). This
contrasts earlier reports of macroscopic quantum tunnel-
ing of the magnetization below 1 K, where the inferred
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domain size was only ∼ 40 A˚ (Lhotel et al., 2003; Nish-
ioka et al., 2002).
The susceptibility of the paramagnetic state is
anisotropic exhibiting a Curie-Weiss dependence for
the a-axis with a corresponding fluctuating moment of
µCW = 2.7µB, that exceeds the ordered moment con-
siderably. Taken by itself, the reduced ordered moment
as compared with the free uranium ion value does not
proof itinerant magnetism, but may be reconciled with
the presence of strongly hybridized crystal electric fields.
We note that inelastic neutron scattering fails to detect
distinct evidence for crystal electric fields, as common
for uranium based compounds. However, the reduction
of the ordered moment as compared with the Curie-Weiss
moment provides clear evidence of 5f itineracy.
The degree of delocalization of the 5f electrons has
been explored by a variety of experimental techniques.
The perhaps most direct probe is a combination of quan-
tum oscillatory studies with band structure calculations,
showing dominant f-electron contributions at EF (Shick
et al., 2004; Shick and Pickett, 2001; Terashima et al.,
2001). We will discuss these studies in further detail
below. Polarized neutron scattering shows that the mag-
netic order is strictly ferromagnetic without additional
modulations (Kernavonis et al., 2001). The magnetic
form factor of the uranium atoms is equally well ac-
counted for by a U3+ or U4+ configuration (Huxley et al.,
2001; Kernavonis et al., 2001), where a magnetic field of
4.6 T does not induce any magnetic polarization at the Ge
sites. However, the ratio of the orbital to spin moment,
R, does not vary substantially as a function of tempera-
ture between the paramagnetic and ferromagnetic states.
As compared with the free ion value it is systematically
reduced, suggesting a delocalization of the 5f electrons.
Also, the value of R for U3+ is in better agreement with
circular dichroism measurements (Okane et al., 2006) and
LDA+U band structure calculations (Shick and Pickett,
2001), which support a trivalent uranium state.
Evidence for some delocalization of the f-electrons in
UGe2 may also be seen in the specific heat and the spec-
trum of low lying magnetic excitations. At the Curie tem-
perature the specific heat displays a pronounced anomaly,
where ∆C/T ≈ 0.2 J/mol K2. This compares with a
moderately enhanced Sommerfeld contribution C/T =
γ = 0.032 J/mol K2 at low temperatures (Huxley et al.,
2001). The strong uniaxial anisotropy causes a large
anisotropy gap for spin wave excitations. In turn in-
elastic neutron scattering near TC only shows strongly
enhanced spin fluctuations, that are characterized by a
finite relaxation rate Γq for q → 0 due to strong spin-orbit
coupling (Huxley et al., 2003a). In a one-band approx-
imation the finite relaxation at q = 0 would imply that
the magnetization is not conserved, which is not true in
multi-band systems. The Ising character of the spin fluc-
tuations underscores, that they are intermediate between
local moment and itinerant electron fluctuations.
Itinerant ferromagnetism may finally be inferred from
the fact, that UGe2 forms a very good metal. High qual-
ity single crystals may be grown with residual resistivi-
ties well-below 1µΩcm. As a function of decreasing tem-
perature the resistivity decreases monotonically with a
broad shoulder around 80 K. At the ferromagnetic tran-
sition the resistivity shows a pronounced decrease char-
acteristic of the freezing out of an important scattering
mechanism. As an additional feature the resistivity dis-
plays a down-turn around Tx ≈ 25 K, that is best seen in
terms a broad maximum in the derivative dρ/dT (Oomi
et al., 1995). Further evidence for anomalous behavior
at Tx has been observed in terms of a minimum in the
a-axis thermal expansion (Oomi et al., 1993), a drastic
decrease of thermal conductivity (Misiorek et al., 2005),
a pronounced minimum in the normal Hall effect (Tran
et al., 2004) and a broad hump in the specific heat (Hux-
ley et al., 2001). Finally, high resolution photoemission
shows the presence of a narrow peak in the density of
states below EF that suggests Stoner-like itinerant ferro-
magnetism (Ito et al., 2002).
As explained below, the behavior at Tx yields the key
to an understanding of the superconductivity in UGe2.
The available experimental evidence suggests that the
density of states near Tx is increased, i.e., thermal fluc-
tuations with respect to the Fermi level are sensitive to
fine-structure of the density of states such as local max-
ima or changes of slope. It is helpful to briefly comment
on two specific scenarios that have been proposed to ac-
count for the features at Tx.
The first scenario is inspired by the chain-like arrange-
ment of the uranium atoms in UGe2. The structural sim-
ilarity with α-U, which develops a charge density wave
at low temperatures (Lander et al., 1994), has motivated
considerations that the anomaly at Tx may be related to a
coupled spin-and charge-density wave instability (Watan-
abe and Miyake, 2002). Electronic structure calculations
predict a dominant cylindrical Fermi surface sheet with
strong nesting (Shick and Pickett, 2001). However, be-
cause the U-U spacing in UGe2 is larger than for α-U,
nesting is less important. Moreover, despite great exper-
imental efforts so far no direct microscopic evidence has
been observed that would support a density-wave insta-
bility (Aso et al., 2006; Huxley et al., 2003b, 2001). In
fact, detailed inelastic neutron scattering studies of the
phonons in UGe2 show that the hump in the specific heat
near Tx does not hint at soft phonons (Raymond et al.,
2006). This contrasts the structural softness expected of
an incipient charge density wave.
The second scenario is also based on the electronic
structure calculations in the LDA+U, which account
for the ordered moment and the magneto-crystalline
anisotropy (Shick and Pickett, 2001). In these calcu-
lations the ordered moment is identified as the sum of
large, opposing spin and orbital contributions. Closer in-
spection of the results shows the presence of two nearly
degenerate solutions, that differ in terms of the orbital
moment (Shick et al., 2004). The upshot of these cal-
culations is, that the anomaly at Tx may be related to
fluctuations between these two orbital states.
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FIG. 13 (a) Pressure versus temperature phase diagram of
UGe2. Superconductivity is observed well within the ferro-
magnetic state in the vicinity of transition between a large
moment and small moment ferromagnet. (b) Magnetic field
versus pressure phase diagram of UGe2. The ferromagnetic
transition at px and at pc are both first order as seen by first
order metamagnetic transitions at Hx and Hm. Plot taken
from (Pfleiderer and Huxley, 2002).
Under modest hydrostatic pressures UGe2 exhibits a
rich phase diagram as shown in Fig. 13. The Curie tem-
perature is suppressed monotonically and collapses con-
tinuously at pc = 16 kbar. AC susceptibility studies es-
tablish that the ferromagnetic transition changes from
second to first order for pressures above ∼ 12 kbar (Hux-
ley et al., 2000). A first order transition at pc is con-
firmed by the DC magnetisation, which drops discontin-
uously at pc (Pfleiderer and Huxley, 2002). Note that the
discontinuous change of the ordered moment is perfectly
consistent with the continuous variation of TC . Further
evidence for a first order transition at pc is provided by
a discontinuous change of the spin-lattice relaxation rate
1/T1T (Kotegawa et al., 2005) and quantum oscillatory
studies (Terashima et al., 2001).
The broad anomaly at Tx is also suppressed under pres-
sure and vanishes at px = 12 kbar. This was first inferred
from the derivative of the resistivity (Huxley et al., 2001;
Oomi et al., 1995), but may also be seen in the ther-
mal expansion (Ushida et al., 2003) and the specific heat
(Tateiwa et al., 2004). In the magnetization a broad
hump emerges near Tx, which turns into a sharp ferro-
magnetic phase transition near px with increasing pres-
sure (Huxley et al., 2001; Pfleiderer and Huxley, 2002;
Tateiwa et al., 2001a). Below Tx the ferromagnetic mo-
ment increases. The low temperature, large moment
phase is referred to as FM2, while the high temperature
low-moment phase is referred to as FM1 (cf. Fig. 13).
Neutron scattering of the magnetic order is compara-
tively straight forward. Due to the cancellation of nu-
clear scattering lengths certain Bragg peaks are purely
magnetic. Comparison of selected Bragg peaks strongly
suggests, that both FM1 and FM2 are strictly ferromag-
netic (Huxley et al., 2003b). Moreover, neutron scatter-
ing at a pressure just below px shows that the intensity
of the (100) Bragg spot scales with the square of the bulk
magnetization. This shows that the FM2 state does not
break up just below px.
Finally, within a finite pressure interval ranging from
∼ 9 kbar to pc the resistivity and AC susceptibility show
a superconducting transition (Huxley et al., 2001; Sax-
ena et al., 2000). As a function of pressure Ts increases
below px and decreases above px with the possibility of
a small discontinuity exactly at px (Huxley et al., 2001;
Nakashima et al., 2005).
As a function of pressure the zero temperature fer-
romagnetic moment drops discontinuously by ∼ 30 % at
px, followed by a discontinuous drop at pc (Pfleiderer and
Huxley, 2002). Application of a magnetic field along the
a-axis at pressures above px restores the full ordered mo-
ment at a characteristic transition field Hx, that emerges
at px and increases rapidly under pressure (Fig. 13 (b)).
For pressures above pc the application of a magnetic field
restores initially the ordered moment of the FM1 phase
when crossing the transition field Hm that emerges at pc.
This is followed by the recovery of the full moment at Hx.
At low temperatures the transition at Hx and Hm both
are discontinuous (Pfleiderer and Huxley, 2002). The
lines of first order transitions at T = 0 at Hx(p) and
Hm(p) are expected to end in a quantum critical point
for very high fields. Likewise, as a function of increasing
temperature at constant pressure the transition fields Hx
and Hm terminate in critical end-points. The importance
of this finite temperature criticality to the superconduc-
tivity is an open issue.
The Sommerfeld contribution γ to the specific heat
is essentially unchanged at pressures well below px.
Just below px the value of γ increases and settles in a
nearly four-fold larger value γ ≈ 0.11 J/mol K2 above px
(Tateiwa et al., 2004, 2001b). Even though the pressure
depencence of γ is sometimes described as a maximum
at px, real data rather display the shape of a plateau
characteristic of an increased linear specific heat term in
the FM1 phase. This is supported by the temperature
dependence of the resistivity, which shows a T 2 form ev-
erywhere. The T 2 coefficient A increases as a function
of pressure from below to above px. For magnetic fields
above Hx it varies as A ∝ 1/
√
H −Hx (Terashima et al.,
2006).
To explore the nature of the transitions at px and
pc detailed quantum oscillatory studies have been car-
ried out for magnetic fields parallel to the b-axis (Set-
tai et al., 2001; Terashima et al., 2001). This probes
the predicted cylindrical Fermi surface sheets, without
adding the complexities of the transitions at Hx and Hm
(Shick and Pickett, 2001). In the FM2 phase starting
from ambient pressure three fundamental frequencies are
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observed with Fα = 6800 ± 30 T, Fβ = 7710 ± 10 T and
Fγ = 9130±30 T. These frequencies exhibit considerable
mass enhancements of m∗α/m = 23± 3, m∗β/m = 12± 1,
m∗γ/m = 17±2, that are weakly pressure dependent with
dFα/d ln p = 3.9±0.1×10−3 kbar−1, dFβ/d ln p = −2.1±
0.1 × 10−3 kbar−1, dFγ/d ln p ≈ 0 ± 0.1 × 10−3 kbar−1
(Terashima et al., 2001). The mass enhancement is con-
sistent with the specific heat.
Between 11.4 and 15.4 kbar, the regime of the FM1
phase, the de Haas–van Alphen spectra change in the
following manner: (i) the α and γ branches vanish, (ii)
the β branch initially decreases followed by a steep rise
with a substantial increase of the mass enhancement to
39.5±5 and a reduction of signal size to just 2.5 %, (iii) a
new δ-branch emerges, which is similar to the β branch,
where Fδ = 4040±40 T, m∗δ/m = 22±9 and dFδ/d ln p =
15± 4× 10−3 kbar−1.
It is interesting to note that no minority-spin coun-
terpart to the β-branch is observed, characteristic of a
fully spin-polarized state. Under the assumption that
the Fermi surface volume remains unchanged through px,
it is not necessary to invoke a complete reconstruction
of the Fermi surface to understand the data. When as-
signing the β- and α-branches to extremal orbits of the
majority-spin Fermi surface and the γ branch to a Fermi
surface sheet with hole character, the δ branch may be
understood as resulting from a shrinking and breaking-
up of the γ hole surface. Again the mass enhancement is
consistent with the specific heat.
For the paramagnetic state above pc the situation dif-
fers. Here the spectra consist of four new branches, that
are not connected in any obvious manner with the spec-
tra in the FM1 and FM2 phase. This suggests that the
Fermi surface completely reconstructs at pc. Because the
change of the frequencies is abrupt, the reconstruction
appears to be first order. Preliminary studies have also
been carried out for magnetic field along the a-axis (Haga
et al., 2002; Terashima et al., 2002). For fields above Hx
in the FM2 phase the spectra and mass enhancements
vary weakly with pressure. In contrast, very little infor-
mation could be obtained below Hx.
The very weak pressure dependence of the ordered mo-
ment in the FM1 and FM2, and the fact that the tran-
sition between FM1, FM2 and paramagnetism may be
controlled either by pressure and/or magnetic field sug-
gests an important role of maxima in the density of states
(Huxley et al., 2001; Pfleiderer and Huxley, 2002; Sande-
man et al., 2003). However, several properties show that
purely spin-based models or the delocalisation of the 5f
electrons would be too simple as an explanation. For in-
stance, the derivative of the magnetization χ‖ = dM/dH
measures the longitudinal susceptibility, i.e., the sensitiv-
ity for changes of amplitude of the ordered moment. A
comparison of the pressure dependence of χ‖ for the a-
and c-axis establishes, that the anisotropy of the longi-
tudinal susceptibility increases strongly under pressure,
i.e., the magnetic response becomes more anisotropic in-
stead of less (Huxley et al., 2003b; Pfleiderer and Huxley,
2002).
We further note, that the transition at px is probably
not controlled by a density wave instability either. Neu-
tron scattering of the crystal structure at high pressure
shows that U-U spacing at 14 kbar reduces to dU−U ≈
3.5 A˚ and the zig-zag chain straightens (Huxley et al.,
2001). It is conceivable that the requirements for nesting
would be much too sensitive to survive these fairly large
structural changes up to px. Second, the observation of
quantum oscillations on large Fermi surface sheets seems
inconsistent with a charge-density wave gap in the FM2
phase. Moreover, measurements of the uranium mag-
netic form factor show, that it may still be accounted for
by either a U3+ or U4+ configuration, but the ratio of
orbital to spin moment, R = µL/µS increases across px
so that RFM1/RFM2 ≈ 1.10±0.05 (Huxley et al., 2003b;
Kuwahara et al., 2002). This contrasts a delocalization
of the 5f electrons, since the orbital contribution should
then decrease. It is interesting to note, that the increase
of R through px is consistent with the proposed degener-
acy of orbital contributions in the FM1 and FM2 phases
as calculated in the LDA+U (Shick et al., 2004). This
suggests that the FM2 to FM1 transition at px and re-
lated properties may be driven by fluctuations between
two different orbital moments.
Having reviewed the metallic and magnetic state ex-
tensively, we finally turn to the superconductivity in
the ferromagnetic state of UGe2. The initial experi-
ments suggested that the superconductivity in UGe2 is
extremely fragile. The critical current density, of order
jc ≈ 0.1 A/cm2, is between one and two orders of mag-
nitude smaller than for heavy-fermion systems such as
UPt3 and even three orders of magnitude smaller than for
conventional superconductors (Huxley et al., 2001). The
reduced values of jc may be reconciled with flux flow re-
sistance, where the flux lattice forms spontaneously even
at ambient field due to the internal field (the ordered
moment corresponds to 0.19 T). The expected flux line
spacing at this field is of the order 600 to 1000 A˚ (Huxley
et al., 2001). Further, the susceptibility depends sensi-
tively on the excitation amplitude, consistent with very
low jc, and reaches full diamagnetic screening only for
very small amplitudes (Saxena et al., 2000). The diamag-
netic shielding as seen in the AC susceptibility is largest
at px. Note that this does not show the volume fraction
of Meissner flux expulsion. Instead it may be the result
of changes of sensitivity to the AC excitation amplitude.
Interestingly, the diamagnetic screening and the pressure
dependence of Ts do not reflect in a simple manner the
difference of 30% of the ordered moment in the FM1 and
FM2 phase.
Bulk superconductivity in UGe2 was at first inferred
from the magnetic field dependence of the flux flow resis-
tance, which displays the characteristic convex increase
up to Hc2 (Huxley et al., 2001). Less ambiguous infor-
mation provided the specific heat, which was found to
show a small, yet distinct, anomaly ∆C/γTs ≈ 0.2 to
0.3 (Tateiwa et al., 2001b). The spin lattice relaxation
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rate in Ge NQR shows a change of slope at Ts. How-
ever, in contrast to the resistivity and susceptibility the
specific heat suggests that bulk superconductivity exists
only in a very narrow interval surrounding px (Tateiwa
et al., 2004). Such a narrow interval of bulk supercon-
ductivity at px is supported by dHc2/dT |Ts , which in
the same narrow interval is ten-fold increased, exceeding
dHc2/dT |Ts < −20 T/K (Nakashima et al., 2005).
The superconductivity in UGe2 is remarkable, because
Ts is always at least two orders of magnitude smaller than
TC . The superconductivity hence emerges in the presence
of a strong ferromagnetic exchange splitting, estimated
to be of the order 70 meV. This suggests an unconven-
tional form of superconductivity pairing. For what is
known about the Fermi surface, odd-parity equal-spin
triplet pairing is thereby the most promising candidate.
This state is equivalent to the A1 phase of 3He.
As a first experimental hint for an unconventional state
the superconducitivity in UGe2 is fairly sensitive to the
sample purity, i.e., superconductivity vanishes when the
charge carrier mean free path becomes shorter than the
coherence length (Sheikin et al., 2001). Inferring triplet
pairing from the mean free path dependence when dop-
ing with selected impurities was previously employed in
studies of UPt3 (Dalichaouch et al., 1995) and Sr2RuO4
(Mackenzie et al., 1998). As for UGe2 the conclusion of
triplet pairing has been questioned on the basis of super-
conductivity observed in polycrystalline UGe2 samples
with ρ0 ≈ 3µΩcm (Bauer et al., 2001). However, the
purity dependence in polycrystals is still within the un-
certainty at which the charge carrier mean free path can
be inferred from from ρ0. Interestingly the specific heat
of the polycrystals only shows a faint superconduting
anomaly and thus bulk superconductivity at 14.7 kbar.
This may be caused by the presence of internal strains
between the crystal grains (Vollmer et al., 2002).
In single-crystals the maximum specific heat anomaly
∆C/γTs ≈ 0.2 to 0.3 and the finite residual specific heat
in the zero temperature limit, γ0/γ(T > Ts) ≈ 0.3 are
characteristic of nodes in the superconducting gap, where
the linear T dependence of C/T more specifically sug-
gests line nodes.
The strongest evidence supporting p-wave supercon-
ductivity thus far are comprehensive studies of Hc2
(Sheikin et al., 2001). Absolute values of Hc2 vary
strongly as a function of pressure and crystallographic
direction, where typical values are in the range of a few
T. Below px the coherence lengths inferred from Hc2 are
fairly isotropic and of the order 100 A˚. In contrast, above
px the coherence lengths display a marked anisotropy,
e.g., for 15 kbar ξa = 210 A˚, ξb = 140 A˚ and ξc = 700 A˚.
It is helpful to address at first two unusual features
for the a-axis, that are outside the more general pattern
of behavior. At small magnetic fields Hac2 displays neg-
ative curvature, that may be attributed to the internal
fields associated with the ferromagnetic order. Second,
for pressures just above px, pronounced reentrant behav-
ior is observed in Hc2, when the magnetic field crosses the
transition at Hx (Huxley et al., 2001). This reentrant be-
havior in Hc2 may also provide a possible explanation for
the pronounced extremum in dHc2/dT (Nakashima et al.,
2005). Keeping these two aspects in mind, the more gen-
eral features of Hc2 may be summarized as follows: (i)
Hc2 exceeds conventional paramagnetic and orbital limit-
ing for all field directions, except very close to pc, where
the a- and b-axis show more conventional limiting, (ii)
the anisotropy of Hc2 in the vicinity of Ts may be de-
scribed by the effective mass model, (iii) the anisotropy
seems to relate to the inverse of the magnetic anisotropy,
i.e., Hc2 for the c-axis is always the largest.
A remarkable feature of the critical field for the c-axis
is the presence of positive curvature at temperatures as
low as 0.1Ts. The general form of Hcc2 is reminiscent of
that observed in UBe13. It may be accounted for in a
strong-coupling scenario, where the coupling parameter
λ decreases rapidly with increasing pressure from λ =
14, 7 and 1.7 at p = 12, 13.2 and 15 kbar, respectively.
We note that for conventional electron-phonon mediated
superconductivity these high values of λ would imply an
incipient lattice instability.
Neutron scattering shows that the ferromagnetic scat-
tering intensity at (100) remains unchanged to within less
than a percent when entering the superconducting state
(Aso et al., 2005; Huxley et al., 2005, 2001; Pfleiderer
et al., 2005). However, these studies were probably not
carried out sufficiently close to px to provide information
on the narrow regime, where bulk superconductivity is
seen in the specific heat. When taken together the avail-
able experimental evidence makes it highly unlikely, that
the superconductivity is carried by tiny sections of the
Fermi surface, where the exchange splitting vanishes.
The observation that the superconductivity in UGe2
is confined to the ferromagnetic state has created great
theoretical interest. We conclude this section with a
very brief account of some of the theoretical contribu-
tions UGe2 has inspired. The microscopic coexistence
of ferromagnetism and superconductivity has been ad-
dressed in a number of contributions, e.g., (Abrikosov,
2001; Kirkpatrick and Belitz, 2003; Machida and Ohmi,
2001; Sa, 2002; Spalek, 2001; Suhl, 2001). Possible order
parameter symmetries of superconducting ferromagnets
for given crystal structures and easy magnetizations axis
have been classified in (Mineev, 2002a,b, 2004, 2005a,b;
Mineev and Champel, 2004; Samokhin, 2002; Samokhin
and Walker, 2002). For instance, it has been pointed out
that ferromagnetic superconductors with triplet pairing
and strong spin-orbit coupling are at least two-band su-
perconductors. Without spin-orbit coupling it is generi-
cally expected that separate superconducting transitions
take place, for the majority and minority Fermi surface
sheet (Belitz and Kirkpatrick, 2004; Kirkpatrick and Be-
litz, 2004). The upper critical field in these systems is
determined by a novel type of orbital limiting, and the
precise order parameter symmetry depends on the ori-
entation of the ordered magnetic moment. The latter
property, in principle, allows to switch the superconduct-
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ing order parameter through changes of orientation of the
magnetization. The precise impact of spin-orbit coupling
in this scenario, which of course is strong in f-systems,
awaits further clarification.
The greatest fascination has generated the absence
of superconductivity above pc, because it even suggests
ferromagnetism as a precondition for superconductivity.
Experimentally the reconstruction of the Fermi surface
topology supports a less generic explanation. It is how-
ever interesting to note, that a large number of mecha-
nisms could be identified that promote superconductiv-
ity as confined to the ferromagnetic state. These include
hidden quantum criticality, the enhancement of longitu-
dinal (pair-forming) spin fluctuations in the ferromag-
netic state, special features of the density of states and
the possible coupling of spin- and charge density wave or-
der (Karchev, 2003; Kirkpatrick et al., 2001; Sandeman
et al., 2003; Watanabe and Miyake, 2002). As a new
thread several studies have considered the possible inter-
play of magnetic textures with the superconductivity and
spontaneous flux line lattices. We briefly return to this
question in section V.B.2.
2. URhGe
The series UTX, where T is a higher transition metal
element and X=Si or Ge, crystallize in the orthorhombic
TiNiSi crystal structure, space group Pnma (Sechovsky
and Havella, 1998; Tran et al., 1998). Even though the
crystal structure of this series differs from that of UGe2 it
also shares certain similarities. In particular, as for UGe2
the uranium atoms form zig-zag chains. For URhGe the
U-U spacing dU−U ≈ 3.48 A˚ compares well with the U
spacing in UGe2 at a pressure of 13 kbar. This has moti-
vated detailed studies of high quality crystals, which let
to the discovery of superconductivity in the ferromag-
netic state of URhGe (Aoki et al., 2001). Further studies
have revealed a metamagnetic transition within the ferro-
magnetic state, surrounded by superconductivity (Le´vy
et al., 2005). For clarity we refer in the following to the
superconductivity at ambient field as S1 and for that the
metamagnetic transition at S2.
At ambient pressure URhGe displays a paramagnetic
to ferromagnetic transition with a Curie temperature
TC = 9.6 K and an ordered moment µord = 0.42µB/U
(Aoki et al., 2001; Prokes et al., 2002). Neutron scatter-
ing studies show that superconducting samples (S1) are
strictly ferromagnetic. This contrasts earlier studies of
polycrystalline samples which displayed a non-colinear
magnetic structure (Tran et al., 1998). Electronic
structure calculations in the LSDA (Shick, 2002) and
LAPW+ASA (Divis et al., 2002) reproduce the ordered
moment and magneto-crystalline anisotropy (LDA+U
appears to be not necessary). These calculations also
show the possibility for a canted antiferromagnetic state.
In any case, as for UGe2 the ordered moment is the result
of strongly opposing spin and orbital contributions. In
the following we discuss the properties of ferromagnetic
URhGe only.
The ferromagnetic moment in URhGe is aligned with
the crystallographic c-axis (Huxley et al., 2003b). In
contrast to UGe2 the magnetic anisotropy field is only
large for the a-axis. As discussed in further detail be-
low, a magnetic field HR = 11.7 T applied along the
b-axis rotates the ordered moment into the field direc-
tion. URhGe hence exhibits an quasi-easy magnetic
plane, rather than the Ising anisotropy observed in UGe2.
The easy-axis susceptibility in URhGe follows a Curie-
Weiss dependence above TC with a fluctuating moment
µeff = 1.8µB/U (Aoki et al., 2001), while the b-axis
susceptibility varies with temperature as expected of an-
tiferromagnetic order at low temperatures (Huxley et al.,
2003b). This strongly suggests itinerant ferromagnetism
with strongly delocalized 5f electrons.
The ferromagnetic transition shows a λ-anomaly at TC ,
where the magnetic entropy released at TC is small Sm =
0.4 R ln 2 (Hagmusa et al., 2000). At low temperatures
the specific heat follows a dependence C ∼ γT + bT 2
where γ = 0.164 J/mol K2. The λ anomaly is rapidly
suppressed for magnetic fields applied parallel to the c-
and b-axes, where γ in a field of 15 T decreases by ∼ 27%
and ∼ 19%, respectively. This underscores that URhGe
has an easy magnetic plane.
High quality polycrystalline and single crystal spec-
imen of URhGe undergo a superconducting transition
with Ts ≈ 0.25 K (S1) (Aoki et al., 2001). In polycrys-
talline samples Hc2 = 0.71 T corresponds to a Ginzburg-
Landau coherence length ξGL ≈ 180 A˚. Measurements of
the magnetization show the onset of weak flux expulsion
to be consistent with a penetration length λl = 9100 A˚.
The specific heat shows a clear anomaly at Ts charac-
teristic of bulk superconductivity, where ∆C/γTs ≈ 0.45
is strongly reduced as compared with the weak-coupling
BCS value. The superconductivity in URhGe is sensitive
to the sample purity. With increasing residual resistivity
Ts decreases and vanishes for low sample quality, consis-
tent with unconventional superconductivity.
Hc2 of the S1 state is anisotropic, where the anisotropy
compares with the inverse of the magnetic anisotropy,
i.e., Hc2 is largest for the a-axis and and smallest for
the c-axis (Hardy and Huxley, 2005). This suggests an
intimate connection between superconductivity and fer-
romagnetism. For all directions Hc2(T → 0) exceeds
paramagnetic limiting. As a function of sample qual-
ity it is found that Hc2(T → 0) varies ∝ T 2s , showing
the intrinsic nature of the large critical field values. The
comparatively small anisotropy shows, that large critical
field values are not due to a reduced g-factor or electronic
anisotropies.
Because the superconductivity (S1 and S2) occurs in
the ferromagnetic state, it is expected that the pair-
ing dominantly occurs on the spin-majority Fermi sur-
face akin the odd-parity equal-spin p-wave pairing of the
A1 phase of 3He. This is consistent with the reduced
specific heat anomaly as compared to the BCS value of
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∆C/γTs = 1.43 and residual zero temperature specific
heat γ(T → 0) = γ/2(T > Ts) (Aoki et al., 2001).
For the crystallographic point group of URhGe, a ferro-
magnetic moment parallel to the c-axis and strong spin-
orbit coupling only two odd-parity states are possible
(Hardy and Huxley, 2005). The temperature dependence
of the ratios of the upper critical fields allows to distin-
guish between these two states. The observed combina-
tion of 20% increase of Hac2/H
b
c2 with decreasing temper-
ature while Hac2/H
b
c2 =constant strongly supports an odd
parity p-wave state with gap node parallel to to magnetic
moments. Finally, the temperature dependence of Hc2 is
in excellent agreement with strong coupling calculations,
when the initial slope dHc2/dT near Ts is taken from
experiment.
It is interesting to note that the ratio of the Curie
temperature to the maximal superconducting transition
in UGe2 (TC/Ts ≈ 30/0.8 = 37.5) compares well that
in URhGe (TC/Ts ≈ 9.6/0.25 = 38.4). Together with
the structural similarity of the uranium zig-zag chains
this raises the question for further similarities notably the
pressure dependence. The thermal expansion of the fer-
romagnetic transition in URhGe shows positive anoma-
lies for all three crystallographic axes: ∆αa = 3.4(1) ×
10−6 K−1 so that dT aC/dp = 0.052(3) K/kbar, ∆α
b =
1.7(1) × 10−6 K−1 so that dT bC/dp = 0.026(2) K/kbar
and ∆αc = 2.7(1) × 10−6 K−1 so that dT cC/dp =
0.041(2) K/kbar. This yields a volume thermal expansion
and pressure dependence of TC , ∆V a = 7.8(2)×10−6 K−1
and dTC/dp = +0.119(6) K/kbar, respectively (Sakarya
et al., 2003), i.e., TC increases under pressure. This has
been confirmed in experimental studies up to 140 kbar
(Hardy et al., 2005). In these studies Ts is found to be
suppressed for pressures above ∼ 30 kbar. Despite the
increase of TC under pressure the ordered moment de-
creases with dµord/dp = −6.3 × 10−3 µB/kbar (Hardy
et al., 2004).
As depicted in Fig. 14 magnetic field applied paral-
lel to the b-axis may be used to tune the ferromag-
netic transition (green shading) towards zero. Close
to the field value where TC would vanish the depen-
dence of TC versus field bifurcates. Because the tran-
sition is continuous throughout, the bifurcation repre-
sents a tricritical point (TCP). Application of magnetic
field with suitably chosen components along the b-axis
and c-axis allows to further reduce the Ts, until it van-
ishes at a field tuned quantum critical point (QCP) for
~H = (0, Hb = ±12 T, Hc = ±2 T). Neutron scattering
and the torque magnetization establish that the transi-
tion is driven by a change of orientation of the ordered
magnetic moment, where the moment in general is not
parallel to the applied field. The bifurcation in TC(H)
suggests that the excitation spectrum includes longitudi-
nal fluctuations.
In the vicinity of the TCP and QCPs of URhGe su-
perconductivity (S2) emerges (Le´vy et al., 2005). For a
magic angle in the range 30◦ to 55◦ S2 even stabilizes for
field components along the c-axis. The maximum value
FIG. 14 Temperature versus magnetic field phase diagram of
URhGe, for magnetic fields in the bc-plane. The critical end
point of the reorientation transition of the magnetic order is
surrounded by a dome of superconductivity (S2). Plot taken
from (Le´vy et al., 2007).
of Ts = 0.4 K exceeds that observed at zero applied field.
The wide range of orientations of the ordered moment
under which superconductivity is seen shows, that the
superconductivity is not related to the Jaccarino-Peter
effect (a cancelation of the internal field by the applied
field). Instead the phenomenology of the phase diagram
suggests that the superconductivity is driven by the field
tuned quantum critical point. The possible connection of
the superconductivity at ambient field with that at high
field as different manifestations of this quantum critical
point and the associated changes of the triplet pairing
has been discussed in (Mineev, 2006).
The perhaps most spectacular characteristic of the
superconducting state is the upper critical field for
the hard magnetic a-axis. Here Hc2 diverges and ex-
ceeds 28 T, the highest field studied (Le´vy et al., 2007).
The anisotropy of the upper critical field may be ac-
counted for in terms of an anisotropic mass model, where
Hsc1 = Φ0/(2piξc)
√
ξ2a cos2(γ) + ξ2b sin
2(γ), with Hsc1a =
Φ0/(2piξcξb) = 2.53 T, Hsc1b = Φ0/(2piξcξa) = 2.07 T
and Hsc1c = Φ0/(2piξbξa) = 0.69 T. Further, assuming
that the anisotropy of the critical fields that is observed
at zero applied field remains unchanged for the high field
superconductivity, a geometric average of the coherence
length, ξ =
√
ξaξbξc, can be inferred. Remarkably, the
coherence length ξ as a function of applied magnetic field
for the b-axis diverges at HR, where the magnetic field
dependence of ξ of both superconducting phases fall on
the same line. The coherence length thereby decreases
from ξ(Hb = 0) = 143 A˚ to ξ(HR) < 44 A˚. The com-
mon field dependence of the coherence length suggests,
that both superconducting phases have the same origin,
notably the quantum critical point at high fields.
B. Border of ferromagnetism
Recently two superconducting ferromagnets have been
discovered, notably UIr (Akazawa et al., 2004a,b) and
UCoGe (Huy et al., 2007), in which the ordered moment
38
of the ferromagnetic state is small as compared with the
compounds introduced so far. The superconductivity in
both compounds is observed at the border of ferromag-
netism, rather than deep inside the ferromagnetic state.
a. UCoGe UCoGe is orthorhombic and isostructural to
URhGe with lattice constants a = 6.645 A˚, b = 4.206 A˚
and c = 7.222 A˚. It was long thought the UCoGe is
paramagnetic, but polycrystalline samples were recently
found to exhibit ferromagnetic order with a small ordered
moment µord = 0.03µB/U below TC = 3 K. The ordered
moment is much smaller than the fluctuating moment
observed in the paramagnetic state µeff = 1.7µB/U.
The specific heat shows a small anomaly at TC , where
the magnetic entropy released is tiny, Sm = 0.03 R ln 2,
and the normal state specific heat is moderately en-
hanced, C/T = γ = 0.057 J/mol K2. The thermal ex-
pansion shows a volume contraction, where the ideal-
ized discontinuity in α is estimated to by ∆α = −1.1 ×
10−6 K−1. Thus, according to the Ehrenfest relation,
the Curie temperature would decrease under pressure at
a rate dTC/dp = VmTC∆α/∆C = −0.25 K/kbar and
is expected to vanish around 12 kbar (Vm = 3.13 ×
10−5 m3/mol is the molar volume).
Polycrystalline samples of UCoGe display supercon-
ductivity with Ts ≈ 0.8 K, i.e., Ts is much smaller than
TC . The superconducting transition is seen in the resis-
tivity, AC susceptibility, specific heat and thermal expan-
sion. In the AC susceptibility the diamagnetic screen-
ing is of the order 60 to 70%. In the specific heat the
anomaly corresponds to ∆C/γTs ≈ 1, which is smaller
than the weak-coupling BCS value. The thermal ex-
pansion displays a positive anomaly, with an idealized
change of length at Ts of the order ∆L/L ≈ −1× 10−7.
This implies that Ts increases under pressure at a rate
dTs/dp ≈ +0.048 K/kbar.
Experimentally it is found, that TC in polycrystals
rapidly drops under pressure and appears to vanish be-
tween 8 and 20 kbar, while Ts is essentially unchanged
consistent with the thermal expansion. The width of
the superconducting transition and additional features of
the normal state resistivity, such as the residual resistiv-
ity and the temperature dependence, suggest a quantum
critical point already at 7 kbar (Hassinger et al., 2008).
In any case, the superconductivity in UCoGe appears
to survive in the non-ferromagnetic state at high pres-
sure. However, data available to data do not rule out
that a ferromagnetic moment survives at high pressures.
The pressure dependence is supplemented by the vari-
ation of the superconductivity and ferromagnetism as a
function of Si substitution in polycrystals, UCoGe1−xSix,
which shows a simultaneous suppression of TC and Ts at
the same critical concentration xc ≈ 0.12 (de Nijs et al.,
2008).
The upper critical field of polycrystalline UCoGe varies
near Ts as dHc2/dT ≈ −5.2 T/K for the sample with the
largest Ts. This implies a fairly short coherence length
ξ ≈ 150 A˚ as compared with the charge carrier mean
free path l = 500 A˚ inferred from the residual resistivity
ρ0 = 12µΩcm. In other words the samples are in the
clean limit, a precondition for unconventional supercon-
ductivity. An unconventional superconducting state is
also inferred from Hc2, which exceeds 1.2 T, the highest
field measured, which is thus clearly larger than the Pauli
limit.
NMR and NQR measurements in polycrystals also
point at unconventional pairing (Ohta et al., 2008). In
the normal state the spin-lattice relaxation and the Kight
shift are characteristic of ferromagnetic quantum critical
fluctuations, where TC ≈ 2.5 K was observed. This un-
derscores that the system is indeed at the border of fer-
romagnetism. However, in the superconducting state the
spin-lattice relaxation rate appears to yield two contribu-
tions. These may be related to a superconducting and a
normal volume fraction, which are either due to bad sam-
ple quality or the result of the spontaneous formation of
flux lines due to the ferromagnetism.
Recently single crystals of UCoGe have become avail-
able with TC = 2 K and Ts = 0.6 K, that are also in the
clean limit (Huy et al., 2008). The ferromagnetic moment
ms = 0.07µB is aligned with the c-axis and the a- and b-
axis are magnetically hard. Thus UCoGe is an easy-axis
ferromagnet like UGe2, in contrast with the hard-axis
ferromagnetism in URhGe. Hc2 of single-crystal UCoGe
shows a marked anisotropy between the ab-plane and the
c-axis, where Bc2 for field parallel to the a- and b-axis
exceeds the Pauli limit with Bac2 ' Bbc2 ≈ 5 T  Bcc2 ≈
0.6 T. The initial slope dBa,bc2 /dT ≈ −8 T/K is also large.
This suggests an equal-spin pairing state with an axial
symmetry of the gap function and with point nodes along
the c-axis. Moreover, an upward kink of Bac2 may indi-
cated multiband superconductivity.
b. UIr The signatures of the superconductivity in UIr
are still rather incomplete as the superconductivity ex-
ists at high pressures and very low temperatures. Be-
cause the crystal structure of UIr lacks inversion sym-
metry, the properties of UIr are presented in more detail
in section IV.A.3, which deals with non-centrosymmetric
superconductors.
c. Note on d-electron ferromagnets It is worthwhile to
comment briefly on two ferromagnetic d-electron systems
in which superconductivity has been reported. First,
high-purity samples of iron exhibit superconductivity
above 140 kbar (Jaccard et al., 2002; Shimizu et al.,
2001). It turns out that the superconductivity occurs in
the hexagonally closed packed -phase of iron, which is
believed to represent an incipient antiferromagnet (Mazin
et al., 2002; Saxena and Littlewood, 2001). Nevertheless
several hints, such as great sensitivity to sample purity
and a non Fermi liquid temperature dependence of the
39
resistivity near the highest value of Ts, suggest uncon-
ventional pairing.
The other system is the weak itinerant electron mag-
net ZrZn2, where an incomplete resistivity transition has
been reported (Pfleiderer et al., 2001b). Here more recent
work suggests that the superconductivity is not intrinsic,
but due to the Zn depletion of spark eroded sample sur-
faces (Yelland et al., 2005).
IV. EMERGENT CLASSES OF SUPERCONDUCTORS
A growing number of intermetallic compounds exhibit
unusual forms of superconductivity that do not fit into
the general category of magnetism and superconductivity
covered in sections II and III. These compounds promise
to be representatives of new classes of superconductors.
The following section is dedicated to a review of these
emergent classes of f-electron superconductors. We dis-
tinguish non-centrosymmetric systems, materials at the
border to a valence transition and systems at the border
of polar order.
A. Non-centrosymmetric superconductors
In general the strong electronic correlations in heavy
fermion systems may be viewed as an abundance of
magnetic fluctuations, which, being pair-breaking, sup-
press conventional s-wave superconductivity. This is con-
trasted by spin-triplet pairing, which may occur as long
as time reversal symmetry and inversion symmetry are
satisfied (Anderson, 1984). In turn it is was long believed
that pure spin-triplet heavy-fermion superconductivity
cannot exist in non-centrosymmetric systems. This is
contrasted by the recent discovery of supercondcuctivity
in the antiferromagnets CePt3Si (Bauer et al., 2004a),
CeRhSi3 (Kimura et al., 2005), CeIrSi3 (Suginishi and
Shimahara, 2006) and CeCoGe3 (Kawai et al., 2008b;
Settai et al., 2007a). Perhaps most remarkably super-
conductivity has even been discovered at the border of
ferromagnetism in the non-centrosymmetric compound
UIr (Akazawa et al., 2004a,b). In this section we will
review the current understanding of these compounds.
Because their properties may be explained by a mixed s-
plus p-wave pairing state they may be representatives of
a new class of superconductors, outside the traditional
scheme of classification.
From a theoretical point of view non-centrosymmetric
heavy-fermion superconductors are interesting, because
in these materials the Fermi surface exhibits a splitting
due to antisymmetric spin-orbit coupling α(~k×∇φ)·σ. In
two-dimensional electron gases this splitting is referred to
as Rashba- and in bulk compounds as Dresselhaus-effect
(Dresselhaus, 1955; Rashba, 1960). As a reminder, spin-
orbit coupling is a purely relativistic effect that is due to
gradients of the electric potential ∇φ = ~E transverse to
the motion of the electrons. It can be shown that anti-
FIG. 15 Qualitative depiction of chiral exchange splitting of
a spherical Fermi surface by Rashba spin-orbit interactions.
Also shown are Cooper pairs that may form under such an
exchange splitting, notably a mixed singlet with triplet state.
Plot taken from (Fujimoto, 2007).
symmetric spin-orbit coupling leads to a splitting of the
Fermi surface along ~kF ×∇φ. In magnetic materials the
asymmetric spin-orbit coupling also generates a contribu-
tion to the exchange interaction that is akin to superex-
change, where the role of the nonmagnetic atom is played
by an empty orbital (Moriya, 1963). This superexchange
is also known as Dzyaloshinsky-Moriya interaction.
In a simple-minded view the asymmetric spin-orbit
coupling leads to a highly unusual chiral exchange split-
ting of the Fermi surface (see e.g. (Fujimoto, 2007)).
A qualitative depiction is shown in Fig. 15, where ∇φ is
along the z-axis (the x- and y-axis are in the plane). The
exchange splitting translates into dispersion curves that
energetically favor a precessional motion of the electron
spin with a particular handedness, where the axis of the
precession is denoted by the gray arrows in Fig. 15. For
a Fermi surface with chiral exchange splitting a Cooper
pair forming between electrons with momentum ~k and
spin ↑ and momentum −~k and ↓ do not correspond to a
spin singlet state, because |~k ↑〉| − ~k ↓〉 and |~k ↓〉| − ~k ↑〉
form on different Fermi surface sheets. Instead it has long
been predicted (Edelstein, 1989; Gor’kov and Rashba,
2001), that superconductive pairing requires an admix-
ture of a spin singlet with a spin triplet state.
The formation of parity violating Cooper pairs in terms
of the singlet-triplet mixing applies also in more general
cases with more complicated forms of ∇φ. To quantify
the absence of inversion symmetry it is convenient to in-
troduce a vector α~g~k, where α is the Rashba parame-
ter and 〈|~g~k|2〉0 = 1 is the normalization condition in
terms of the average over the Fermi surface. The vec-
tor ~g~k may be determined by symmetry arguments. For
the analysis of the allowed superconducting pairing sym-
metry ~g~k is compared with ~d(~k). For simple cases, like
CePt3Si, the gap function ∆± may then be expressed as
∆±(~k) = (ψ ± d|~g~k|) where ψ corresponds to the wave
function of the singlet condensate and d|~g~k| to the triplet
state (Agterberg et al., 2006; Gor’kov and Rashba, 2001).
The discovery of the non-centrosymmetric heavy-
fermion superconductors reviewed in the following has
revived the interest in non-centrosymmetric supercon-
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ductors with weak or modest electronic correlations. For
instance, the boride superconductor Li2(Pd,Pt)3B (Bad-
ica et al., 2005) displays conventional BCS behavior for
Li2Pd3B (Togano et al., 2004) and unconventional su-
perconductivity for Li2Pt3B. Interestingly the evolution
from conventional to unconventional superconductivity
may be studied as function composition where super-
conductivity is observed for all compositions; i.e., the
disorder introduced by the alloying does not affect the
superconductivity.
The gap symmetry is explained as s-wave with
spin-singlet and spin-triplet admixtures (Yuan et al.,
2006). Another example is the Pyrochlore oxide system
CdRe2O7 (Hanawa et al., 2001; Sakai et al., 2001). For
this system a structural phase transition leads to a loss of
inversion symmetry at low temperatures, so that strong
spin-orbit coupling effects change the electronic structure
(Hanawa et al., 2002). Old examples from the literature
are rare earth sesquicarbides, R2C3−y, where R=La or
Y. For instance Y2C3−y displays a high Ts = 18 K, but
only weak spin-orbit coupling (Amano et al., 2004; Giorgi
et al., 1970; Krupta et al., 1969). On a more general note
we also mention that amorphous superconductors have
no centre of inversion. However, they are characterized
by a very low diffusivity and associated large Ginzburg-
Landau parameter κ  1, i.e., in contrast to the ma-
terials listed so far they are in the extreme dirty limit.
Likewise thin superconducting films lack inversion sym-
metry, i.e., they also fall into a different category.
1. CePt3Si
The compound CePt3Si was the first non-
centrosymmetric compound in which heavy-fermion
superconductivity was discovered (Bauer et al., 2004a).
Recent reviews may be found in (Bauer et al., 2005a,b,
2007; Settai et al., 2007b). In the following we first
introduce the structural and physical properties of the
normal metallic state. We then proceed to present
the magnetic properties. This sets the stage for the
superconducting properties presented at the end of this
section.
CePt3Si crystallizes in the tetragonal CePt3B type
structure with space group P4mm (No. 99). The lattice
constants are a = 4.072(1) A˚ and c = 5.442(1) A˚. The
perhaps most important feature of the crystal structure
is a lack of inversion symmetry, i.e., for the generating
point group C4V the mirror plane z → −z is missing.
The crystal structure of CePt3Si may be derived from
the cubic AuCu3-type crystal structure of CePt3, which
is isostructural to CeIn3. In contrast to the series of
CenMmIn3n+2m compounds discussed above, which are
related to CeIn3 in terms of additional MIn2 layers, the
structure of CePt3Si evolves from the AuCu3 structure
by filling a void with Si. It is interesting to note that fill-
ing a void in cage like structures, as for the skutterudites
discussed in this review, plays a key role for their proper-
TABLE IV Key properties of on-centrosymmetric intermetal-
lic superconductors. Missing table entries may reflect more
complex behavior discussed in the text. Hc2 represents the
extrapolated value for zero temperature. References are given
in the text. *Samples with much sharper antiferromagnetic
and superconducting transitions.
CePt3Si CeIrSi3 CeRhSi3 CeCoGe3
structure tetrag. tetrag. tetrag. tetrag.
space group P4mm I4mm I4mm I4mm
a(A˚) 4.072(1) 4.252 4.244 -
c(A˚) 5.442(1) 9.715 9.813 -
c/a 1.336 - - -
CEFs Γ6, Γ7, Γ6 Γ7, Γ6, Γ7 Γ7, Γ6, Γ7
Γ7, Γ6, Γ7
∆1 (meV) 13 13.7 22.4
or 1.4
∆2 (meV) 24 43 23.3
state AF, SC AF, SC AF, SC AF, SC
TN (K) 2.2 5.0 1.6 21, 12, 8
~Q (0,0, 1
2
) - (.215, 0, 1
2
) -
µord(µB) 0.2 - - -
γ(J/molK2) 0.39 0.12 0.11 0.032
0.35*
A(µΩcm/K2) - 0.33 0.2 0.011
TK(K) 7–11 - 50 -
pc(kbar) 8 25 20 55
Ts,max(K) ∼ 0.75 1.6 (pc) 0.72 0.69
∼ 0.45*
∆C/γnTs ∼ 0.25 - -
Habc2 (T) ∼ 3.6 9.5 -
∼ 2.3*
dHabc2 /dT -8.5 -13 -
-7.2*
Hcc2(T) ∼ 4 > 30 > 30 ∼ 45
dHcc2/dT -8.5 -20 (pN ) -23 -20
ξab0 (A˚) ∼ 82 - -
ξc0(A˚) ∼ 90 54 70
year 2004 2006 2007 2008
ties in terms of soft rattling modes. Concerning CePt3Si
this does not seem to be the case. Rather, there is an
important indirect role played by the Si atom in gener-
ating the lack of inversion symmetry and a considerable
tetragonal distortion with c/a = 1.336.
Below TN = 2.2 K CePt3Si displays long range antifer-
romagnetic order followed by the superconducting tran-
sition at Ts (Bauer et al., 2004a). Recent studies suggest
that samples either exhibit Ts = 0.75 K or Ts ≈ 0.45 K,
where the samples with lower Ts show much sharper
magnetic and superconducting transitions (Settai et al.,
2007b; Takeuchi et al., 2007). Neutron scattering in sam-
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ples with Ts = 0.75 K revealed subtle metallurgical segre-
gations and a broad distribution of lattice constant (Pflei-
derer et al., 2008). Similar conclusions were drawn from
the pressure dependence of TN and Ts, i.e., the larger Ts
seems related to a distribution of lattice constant (Aoki
et al., 2008). A systematic study of small specimens that
were all cut from the same polycrystalline ingot showed
the same TN for all pieces. However, samples either dis-
played Ts = 0.45 K or Ts = 0.75 K (Motoyama et al.,
2008a), characteristic of two different superconducting
states. This may be consistent with the earlier obser-
vation of a superconducting double transition (Scheidt
et al., 2005). To date the majority of studies have been
carried out in samples with the larger Ts.
The antiferromagnetism and superconductivity in
CePt3Si emerge from a normal state above TN that is
typical of f -electron heavy-fermion systems. The spe-
cific heat exhibits an enhanced Sommerfeld contribution
C/T = γ ∼ 0.39 J/mol K2 as extrapolated from T > TN .
The resistivity varies quadratically just above TN with
A = 2.23µΩcm/K2, where the samples exhibiting super-
conductivity have low residual resistivities ρ0 of a few
µΩcm.
The low-temperature properties of CePt3Si may be at-
tributed to an interplay of three energy scales. RKKY
interactions as the origin of the magnetic order, Kondo
screening as the origin of strong correlations and finally
crystal electric fields. The Kondo temperature may be
deduced in various different ways, where values are in the
range 7 to 11 K (Bauer et al., 2007). This uncertainty is
rather typical for f-electron systems. Nevertheless, TN
clearly falls below TK . The CEFs lift the 2j + 1 = 6-fold
degenerate ground state of the j = 5/2 total angular mo-
mentum of the Ce atom. However, the crystal electric
field levels have not been identified conclusively.
Based on inelastic neutron scattering measurements it
has been proposed that the CEF levels consist of three
doublets (Bauer et al., 2005b), where the Γ7 first excited
state and Γ6 second excited state are separated from the
Γ6 ground state by 13 meV and 24 meV, respectively. The
proposed CEF level scheme has been compared with the
bulk properties, where the sibling La- compound LaPt3Si
and substitutional doping with La have been considered
additionally. Because LaPt3Si is metallic with a Debye
temperature ΘD ≈ 160 K, the 2nd excited CEF level can-
not be identified quantitatively in the bulk properties.
It is also interesting that the ratio A/γ2 ≈ 1.0 ×
10−3 m mol K2/J2 is consistent with a small degeneracy of
the ground state as lifted by the CEFs. This differs from
another group of materials in the Kadowaki-Woods plot
with large degeneracy and small CEF splitting, where
A/γ2 ≈ 0.4 × 10−3 m mol K2/J2 (Bauer et al., 2005a).
The CEF assignment given by (Bauer et al., 2007) is
contrasted by inelastic neutron scattering measurements
providing evidence of excitations at 1.4 meV and 24 meV
(Metoki et al., 2004). The associated CEF level scheme
is a Γ7 ground state and Γ6 and Γ7 first and second ex-
cited states, respectively, where the lower two doublets
originate from a Γ8 quartet in the cubic point symme-
try. The CEF scheme with the low lying Γ6 was found
to account for the magnetization as measured up to 50 T
(Takeuchi et al., 2005). We return to a discussion of the
high-field magnetization below.
The magnetic properties of CePt3Si are dominated by
a strong Curie-Weiss susceptibility at high temperatures
with an effective fluctuating moment µeff = 2.54µB of
the free Ce3+ ion and a Curie temperature Θp = −46 K
characteristic of antiferromagnetic exchange coupling of
the moments. The Curie-Weiss susceptibility extends
down to ∼ 11 K, where a broad maximum in χ signals
Kondo-type screening of the fluctuating moments. At
TN = 2.25 K a λ-anomaly in the specific heat shows the
onset of long range antiferromagnetic order. The size
of the specific heat anomaly implies a release of entropy
through TN of ∆S ≈ 0.22 R ln 2, characteristic of small
ordered moments. Under pulsed magnetic fields up to
50 T the magnetization increases almost linearly up to
∼ 23 T for H ‖ [100] and [110], respectively. Above 23 T
the magnetization levels of and settles around 0.8µB/Ce.
This implies a rather small in-plane magnetic anisotropy.
Microscopic evidence for antiferromagnetic order be-
low TN has been obtained in neutron diffraction (Metoki
et al., 2004) and µ-ion spin rotation (Amato et al., 2005)
experiments. Neutron diffraction is consistent with a
magnetic ordering vector ~k = (0, 0, 1/2) and small or-
dered moments µ ≈ 0.2µB at T = 1.8 K. The antiferro-
magnetic order consists of ferromagnetic planes stacked
along the c-axis, where the ordered moments are oriented
in-plane. By comparison to the slightly reduced mo-
ment expected of a degenerate Γ8 CEF quartet, µ(Γ8) =
1.96µB, the ordered moment is strongly reduced. This
may by due to the doublet ground state, but suggests also
significant Kondo-screening. µ-SR measurements show
that the small ordered moments exist throughout the en-
tire sample volume (Amato et al., 2005).
Keeping in mind what is presently known about the
antiferromagnetic order of CePt3Si, it is interesting to
consider the spin-orbit splitting of the Fermi surface due
to the lack of inversion symmetry. Quantum oscilla-
tory studies in CePt3Si have shown a small number of
branches (Hashimoto et al., 2004). Cyclotron masses up
to 20 times of the bare electron mass have been observed,
where masses of up to 65 times of the bare electron mass
are expected. While this is not a definitive identifica-
tion, it represents nevertheless strong evidence for a fairly
conventional heavy fermion state. The lack of inversion
symmetry generates a spin-orbit splitting consistent with
the de Haas – van Alphen data in LaPt3Si (Hashimoto
et al., 2004). In principle this splitting may generate chi-
ral components of the magnetization.
The crystal structure and magnetic properties of
CePt3Si set a stage where no superconductivity is ex-
pected. Yet, superconductivity emerges in CePt3Si well
below TN . A number of properties suggest unconven-
tional superconductivity. For instance, under substitu-
tional doping of Ce by La superconductivity is suppressed
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in LaxCe1−xPt3Si for x ≥ 0.02 (Young et al., 2005). A
high sensitivity to nonmagnetic impurities is considered
a hall mark of unconventional pairing. However, remov-
ing a magnetic atom from the structure may not qualify
as nonmagnetic impurity, rather than a magnetic defect.
Near Ts the upper critical field varies strongly as
dHc2/dT |Ts = −8.5 T/K for samples with Ts = 0.75 K
(Bauer et al., 2007) and with dHc2/dT |Ts = −7.2 T/K
for samples with Ts = 0.45 K (Takeuchi et al., 2007).
This is characteristic of heavy-fermion superconductiv-
ity and consistent with the mass enhancement inferred
from the normal state specific heat. The upper crit-
ical field reaches Hc2 ∼ 5 T for the samples with the
highest Ts ≈ 0.75 K (Bauer et al., 2007). The value of
Hc2 exceeds by a large margin the Pauli-Clogston limit,
HPC ∼ 1.1 T, when not taking into account conventional
spin-orbit coupling. Most remarkably, Hc2 does not dis-
play a sizable anisotropy, namely Hcc2/H
ab
c2 ≈ 1.18.
Calculations of the electronic structure of CePt3Si
show a large Rashba parameter α = 100 meV (Samokhin,
2004). This implies that spin-orbit splitting of the Fermi
surface plays an important role for the superconductivity.
An analysis of the Rashba splitting in CePt3Si in terms
of group theory for the space group P4mm and generat-
ing point group C4V suggests that ~g~k = k
−1
F (ky,−kx, 0)
(Frigeri et al., 2004a). The most stable spin pairing
state expected for ~d(~k) ‖ ~g~k corresponds then to a p-
state ~d(~k) = xˆky − yˆkx. This state is characterized by
point nodes. However, for mixing of this triplet state with
a singlet state the experimental properties are expected
to display the behavior of line nodes. Alternatively a
Balian-Werthamer (BW) state ~d(~k) = xˆkx + yˆky + zˆkz is
possible, which would have no nodes. However, the BW
state is expected to be less stable (Frigeri et al., 2004a).
In fact, one may consider the xˆky − yˆkx p-state as being
protected by the Rashba exchange splitting.
A key characteristic of the xˆky−yˆkx state for magnetic
field parallel to the c-axis is the absence of paramagnetic
limiting, while there would be considerable paramagnetic
limiting for magnetic field perpendicular to the c-axis. To
account for the nearly isotropic behavior of Hc2 it has
been suggested that the superconducting wave function
develops a helical phase factor exp(i~q ~R) in applied mag-
netic fields (Agterberg et al., 2006; Kaur et al., 2005). It
is, however, also important to take into account the in-
terplay of antiferromagnetic order with the superconduc-
tivity, which accounts in parts for the reduced anisotropy
(Yanase and Sigrist, 2007).
The superconducting transition in samples with larger
Ts is accompanied by a fairly broad anomaly in the
specific heat with ∆C/γTs ≈ 0.25. This value is
strongly reduced as compared with the isotropic BCS
value ∆C/γTs ≈ 1.43 (Bauer et al., 2004a). It deviates in
particular from strong coupling behavior frequently ob-
served in heavy fermion superconductors. The reduced
specific heat anomaly may be explained by a vanishing
of the superconducting gap on parts of the Fermi sur-
face, e.g., due to an unconventional Cooper pair symme-
try. It also raises the question how the antiferromagnetic
order and superconductivity coexist microscopically. In
single-crystal samples with Ts ≈ 0.6 K the specific heat
varies as Ce/T = γs + βsT with γs = 34.1 mJ/mol K2
and βs = 1290 mJ/mol K3 below 0.3 K (Takeuchi et al.,
2007). Moreover, the specific heat displays a nonlinear
magnetic field dependence γs ∝
√
H. When taken to-
gether this suggests line-nodes of the superconducting
gap.
The presence of line nodes has also been inferred from
measurements of the temperature and magnetic field de-
pendence of the thermal conductivity κ(T,H) in single
crystals (Izawa et al., 2005). The key results of this
study are (i) a residual term in κ(T, 0) for T → 0 in
quantitative agreement with the universal conductivity
(Graf et al., 1996; Lee, 1993; Sun and Maki, 1995), (ii)
a linear temperature dependence κ(T, 0) ∝ T at low
T , and (iii) a magnetic field dependence that exhibits
one-parameter scaling of the form T/
√
H. This behav-
ior is taken as evidence that the magnetic field depen-
dence is due to a Doppler shift of the quasiparticles
(Volovik effect) (Hussey, 2002; Ku¨bert and Hirschfeld,
1998; Vekhter and Houghton, 1999; Volovik, 1993).
Measurements of the penetration depth λ(T ) represent
the most direct probe of the superfluid density. They are
not connected with any other preponderant interaction
process, notably the long range antiferromagnetic order.
The experimental data in polycrystals and single crys-
tals displays a broad transition with a point of inflec-
tion around 0.5 K (Bonalde et al., 2005, 2007). Below
∼ 0.165Ts changes of the penetration depth are linear
in temperature, characteristic of line nodes in the gap
(Hayashi et al., 2006b).
While the low temperature specific heat, thermal con-
ductivity and penetration depth only shed light on the
behavior well below Ts, NMR measurements of the spin-
lattice relaxation rate 1/T1 and the Knight shift provide
insights into the full temperature dependence (Yogi et al.,
2004, 2006). For the spin-lattice relaxation rate the be-
havior appears to be a mixture of differing contributions.
Near Ts a Hebel-Slichter peak is observed. The variation
below Ts clearly deviates from conventional exponential
activation, but does not fully settle into a power-law de-
pendence either. The data have been interpreted in two
different ways. In the first scenario the temperature de-
pendence is attributed to a mixing of the singlet and
triplet states (Hayashi et al., 2006a). This accounts for
the Hebel-Slichter peak and shows that the low temper-
ature data essentially limits to the T 3 dependence ex-
pected of line nodes. In the second scenario the interplay
of the antiferromagnetic order with the triplet contribu-
tion to the superconducting pairing symmetry is consid-
ered (Fujimoto, 2006). In particular it is pointed out that
the signatures of line nodes may be found even in fully
gaped triplet superconductors in the presence of suitably
chosen magnetic order.
The NMR Knight shift as measured at a field of 2 T
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perpendicular and parallel to the field does not change
when entering the superconducting state (Yogi et al.,
2006). The Knight shift may be taken as a probe of the
spin susceptibility χ. The experimental result are con-
trasted by the theoretical prediction for a spin-singlet and
spin-triplet state in the presence of asymmetric spin-orbit
interactions (Frigeri et al., 2004b). For the spin-singlet
state both χ⊥ and χ‖ are expected to decrease in the
superconducting state with some anisotropy, where the
decrease gets smaller with increasing α. For the spin-
triplet state the susceptibility becomes independent of
the size of the spin-orbit coupling. Here χ‖ shows no
decrease, while χ⊥ shows a modest decrease. Thus the
experimental absence of any decrease is taken as evidence
for the dominant spin-triplet component, where the in-
plane behavior awaits further clarification.
In a phase diagram that combines the effects of pres-
sure and substitutional Ge-doping assuming a bulk mod-
ulus, B0 = 1000 kbar(Bauer et al., 2007; Nicklas et al.,
2005; Takeuchi et al., 2007; Tateiwa et al., 2005; Yasuda
et al., 2004) two features may be noticed. First the anti-
ferromagnetism vanishes for pressures in excess of pN ≈ 6
to 8 kbar. Second, the superconductivity decreases with
decreasing volume and thus increasing pressure and van-
ishes around ps ≈ 15 kbar. Interestingly the supercon-
ducting transition broadens considerable in the range be-
tween pN and ps in samples with higher Ts (Nicklas et al.,
2005) (note that the crystal structure of CePt3Si1−xGex
is not stable for x > 0.06). An unresolved issue con-
cerns the pressure dependence of samples with the lower
Ts. In samples with larger Ts the DC susceptibility is
rapidly suppressed (Motoyama et al., 2008b). This might
be the result of the large distribution of lattice constants
in these samples, mentioned above.
In any case the phase diagram suggests the vicinity of
a quantum critical point. This is underscored by tenta-
tive evidence for critical fluctuations in the specific heat
and inelastic neutron scattering of pure CePt3Si at am-
bient pressure. Above TN electronic contributions to the
specific heat decrease as ∆C/T ∼ log(T ). Preliminary
inelastic neutron scattering measurements suggest that
there is Q-independent quasi-elastic scattering at high
temperatures typical of conventional heavy-fermion sys-
tems. At low temperatures, however, short range corre-
lations are observed for Q−1 ≈ 0.8 A˚ at energy transfers
of a few meV that may be related to the NFL behavior.
In the light of the possible Rashba splitting of the
Fermi surface, the nature of the excitations that medi-
ate the superconductivity is an open issue. In the spirit
of the studies of CePd2Si2 and CeIn3 the circumstan-
tial evidence suggests that quantum critical spin fluctua-
tions may be a key ingredient. However, due to the lack
of inversion symmetry these may include complex tex-
tures, like the skyrmion ground states observed recently
(Mu¨hlbauer et al., 2009; Neubauer et al., 2009).
It is finally interesting to point out that several LaMX3
compounds are superconducting. In particular, LaRh3Si,
LaIr3Si and LaPd3Si show superconductivity with Ts
FIG. 16 (a) Neel temperature TN versus unit cell volume V in
the series CeMX3 (M: Rh, Ir, Co; X: Si, Ge). (b) Sommerfeld
coefficient γ of the specific heat versus unit cell volume V in
the series CeMX3. Plot taken from (Kawai et al., 2008b).
of 1.9, 2.7 and 2.6 K respectively (Muro, 2000). For
LaRh3Si the upper critical field is low Hc2 = 0.03 T.
2. CeMX3
Following the discovery of superconductivity in the an-
tiferromagnetic state of the non-centrosymmetric heavy-
fermion system CePt3Si superconductivity was also dis-
covered in the non-centrosymmetric systems CeRhSi3
(Kimura et al., 2005), CeIrSi3 (Suginishi and Shima-
hara, 2006) and CeCoGe3 (Kawai et al., 2008b; Settai
et al., 2007a). These compounds belong to the class of
isostructural CeMX3 systems, where M=Co, Ru, Pd, Os,
Ir, Pt, Fe, Rh and X=Si and Ge. The BaNiSn3 crystal
structure, space group I4mm (No. 107), of the CeMX3
series derives from the body-centered tetragonal BaAl4
crystal structure, space group I4/mm. We note that
BaAl4 is also the parent structure of the body-centered
ThCr2Si2 systems of the heavy fermion superconductors
CeCu2Si2, CeCu2Ge2, CePd2Si2, CeRh2Si2 and URu2Si2
(cf Fig. 2). It is moreover the parent structure of the se-
ries of CaBe2Ge2 body-centered tetragonal ternary sys-
tems, none of which have so far been found to be su-
perconducting. As shown in Fig. 2 the BaSnNi3 struc-
ture is composed of a sequence of planes along the c-axis
R-M-X(1)-X(2)-R-M-X(1)-X(2)-R, where X(1) and X(2)
denote different lattice positions of the X atom. Thus
the structure lacks inversions symmetry along the c-axis.
The generating point group C4V is identical to that of
CePt3Si.
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For a brief review of the properties of the series CMX3
we refer to (Kawai et al., 2008b). This review includes
considerations on the crystal electric fields, which play a
prominent role in the ground state properties. Amongst
the systems studied, CeCoGe3 has the highest antiferro-
magnetic ordering temperature. Interestingly those com-
pounds with low values of TN have the a-axis as easy
magnetic axis, while in CeCoGe3 the c-axis is magnet-
ically soft. It is interesting to note, that the antiferro-
magnetic transition temperatures, their pressure depen-
dence and the Sommerfeld coefficient of the specific heat
as function of decreasing unit cell volume are consistent
with a Doniach phase diagram (Fig. 16). So far, super-
conductivity near a magnetic quantum phase transition
has been observed in those systems that are on the right
hand border of the phase diagram.
In passing we note that the system CeNiGe3, which
also displays superconductivity when antiferromagnetism
is suppressed at high pressure (Kotegawa et al., 2006;
Nakashima et al., 2004), crystallizes in a centro-
symmetric orthorhombic structure (see section II.A.3).
a. CeRhSi3 The first system in this class for which su-
perconductivity was observed is CeRhSi3. For a recent
review we refer to (Kimura et al., 2007b). The lattice
constants are a = 4.244 A˚ and c = 9.813 A˚ and the
single crystals studied had very low residual resistivi-
ties of a few tenths of a µΩ cm. At ambient pressure
CeRhSi3 orders antiferromagnetically below TN = 1.6 K.
The antiferromagnetic order is anisotropic, where the
basal plane a-axis is the easy axis. Neutron scattering
shows that the antiferromagnetic order is incommensu-
rate with ~Q = (±0.215, 0, 0.5) (Aso et al., 2007). The
magnetic field dependence of the magnetization suggests
an anisotropy of about 2. Only a small magnetization is
seen up to 8 T. At high temperatures an isotropic Curie-
Weiss susceptibility is observed with a fluctuating mo-
ment µeff = 2.65µB as expected of the full Ce3+ mo-
ment.
The specific heat is interpreted in terms of a Schot-
tky anomaly around 100 K and Kondo temperature of
order TK ≈ 50 K. The Kondo screening is affected by
the CEF level scheme, where inelastic neutron scattering
has been interpreted as three doublets with a Γ6 ground
state and Γ7 and Γ6 first and second excited state at
260 and 270 K, respectively (Muro et al., 2007). The low
temperature specific heat above TN exhibits a strongly
enhanced Sommerfeld contribution γ = 0.110 J/mol K2.
This suggests that a heavy fermion state forms despite a
large Kondo temperature, in which incommensurate anti-
ferromagnetism stabilizes at very low temperatures. The
Fermi surface has been investigated by means of quantum
oscillations (Kimura et al., 2007b, 2001) and compared
to LaRhSi3. Substantial differences are interpreted as ev-
idence for an itinerant f-electron and spin density wave
type of antiferromagnetism. Moreover, several branches
show a small splitting with similar angular dependences.
This is seen as evidence for Rashba splitting.
The pressure dependence of TN in CeRhSi3 is quite
unique. Up to 9 kbar TN increases moderately before
decreasing again gradually up to 20 kbar. For pressure
above 2 kbar (Kimura et al., 2005, 2007b) superconduc-
tivity emerges in the antiferromagnetic state, where Ts
increases up to 30 kbar, the highest pressure measured.
The superconducting dome is exceptionally wide. The
AC susceptibility shows susperconducting screening with
additional features that require further clarification. To-
gether with the zero resistance state the susceptibility
is a strong indication of superconductivity. However, it
does not establish spontaneous Meissner flux expulsion
and thus volume superconductivity. The initial slope of
Hc2 is strongly enhanced and becomes anomalously large
around 26 kbar with dHc2/dT |Ts = −23 T/K. This sug-
gests that Hc2 is exceptionally large and may even exceed
30 T (Kimura et al., 2007a).
b. CeIrSi3 The compound CeIrSi3 is isostructural to
CeRhSi3 with lattice constants a = 4.252 A˚ and c =
9.715 A˚ (Muro et al., 1998). The ambient pressure prop-
erties of CeIrSi3 are characteristic of a heavy-fermion sys-
tem with an enhanced Sommerfeld contribution to the
normal state specific heat γ = 0.12 J/mol K2 and anti-
ferromagnetic order below TN = 5.0 K. The CEF levels
have been inferred from magnetization data, where the
ground state is a Γ6 doublet and the first and second ex-
cited states are Γ7 and Γ6 doublets at 149 K and 462 K,
respectively (Okuda et al., 2007). The magnetization is
anisotropic by a factor of about two, where the a-axis
is the easy axis. Quantum oscillatory studies of LaIr3Si
suggest show that the Fermi surface is similar to that of
LaCoGe3, characteristic of a compensated metal where
branches with an exchange splitting of 1000 K exhibit an
angular dependence that track each other rather closely.
This suggests the presence of Rashba splitting due to the
lack of inversion symmetry.
The antiferromagnetism in CeIrSi3 vanishes for pres-
sures in excess of pN = 22.5 kbar (Suginishi and Shima-
hara, 2006; Tateiwa et al., 2007) and a superconducting
dome emerges, with Tmaxs = 1.65 K for pressure in ex-
cess of pN as shown in Fig. 17. Hc2 exhibits a strong
temperature dependence near Ts. For the basal plane
dHabc2 /dp = −13T/K at pN with Habc2 (T → 0) = 9.5 T.
For the c-axis dHc2/dp = −20T/K and Hcc2 reaches 18 T
just below 1 K, suggesting a extremely large value in ex-
cess of 30 T (Settai et al., 2008). This is strikingly similar
to CeRhSi3. Recent specific heat and AC susceptibility
measurements up to 35 kbar show distinct specific heat
anomalies for both the antiferromagnetic and supercon-
ducting transitions, i.e. they may be tracked very well as
a function of pressure using an AC method, but quanti-
tative information is not available (Tateiwa et al., 2007).
Above pN the specific heat anomaly is particularly pro-
nounced and suggests strong coupling superconductivity.
NMR studies show the absence of a coherence peak in
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FIG. 17 (a) Temperature versus pressure phase diagram of
CeIrSi3. At the border of antiferromagnetic order a wide su-
perconducting dome emerges. Note that the pressure axis
begins at 19 kbar. (b) Superconducting specific heat anomaly
as a function of pressure. (c) Extrapolated zero temperature
upper critical field. Plot taken from (Settai et al., 2008).
the spin lattice relaxation rate and a cubic temperature
dependence characteristic of line nodes (Mukuda et al.,
2008). The normal state spin-lattice relaxation rate is
thereby characteristic of an abundance of antiferromag-
netic spin fluctuations, which are likely to be implicated
in the superconducting pairing.
Rather remarkable is the behavior observed under sub-
stitutional doping in CeIr1−xCoxSi3 (Okuda et al., 2007).
Replacing Ir with Co represents to leading order a reduc-
tion of unit cell volume equivalent to the application of
pressure. For x = 0.2 and x = 0.35 the Ne´el temperature
is reduced and superconductivity is observed. Metallur-
gical tests suggest that the compound for x = 0.35 is not
single phase with a dominant contribution also of the
x = 0.2 phase. In any case the result suggests that su-
perconductivity is not particularly sensitive to disorder.
c. CeCoGe3 Amongst the CeMX3 compounds CeCoGe3
has the highest magnetic ordering temperature TN1 =
21 K, followed by two more transitions at TN2 = 12 K
and TN3 = 8 K (Kawai et al., 2008b; Settai et al., 2007a).
The metallic state is well described as a moderately en-
hanced Fermi liquid with a Sommerfeld coefficient of the
specific heat γ = 0.032 J/mol K2 and a coefficient of
the quadratic temperature dependence of the resistivity
A = 0.11µΩcm/K2. The easy magnetic axis is the c-
axis, as opposed to other members of the CeMX3 series,
where the a-axis is the easy axis. Under pressure TN1
decreases and vanishes around 55 kbar, where the rate of
suppression drops around 30 kbar. Superconductivity is
observed in the range 54 to 75 kbar with Ts = 0.69 K at a
pressure around 65 kbar. For this pressure the Hc2 along
the c-axis, as extrapolated from the very large increase
near Ts, given by dHc2 = −20 K/T, is exceptionally large
and may reach 45 T.
The Fermi surface of the series LaTGe3 (T: Fe, Co,
Rh, Ir) has been reported in (Kawai et al., 2008a). All
systems exhibit strong Rashba spin-orbit splitting. It
will be interesting to see how the characteristics of these
superconductors relate to those of the Ce-systems. For
instance, the La-compounds may display the singlet state
superconductivity to which the triplet state pairing gets
admixed in the Ce-systems.
We finally note that superconductivity has also been
reported in CeCoSi3 at 0.5 K (Haen et al., 1985). How-
ever this observation could not be confirmed down to
50 mK in a subsequent study (Eom et al., 1998).
3. UIr
Superconductivity in non-centrosymmetric heavy-
fermion systems also exists at the border of ferromag-
netism in UIr (Akazawa et al., 2004a,b). The struc-
ture of UIr is monoclinic of PbBi-type (space group P21)
and lacks inversion symmetry (Dommann and Hullinger,
1988). Four different uranium sites may be distin-
guished. In the paramagnetic state the susceptibility fol-
lows a Curie-Weiss dependence with an effective moment
µeff = 2.4µB/U. Below a Curie temperature TC1 = 46 K
Ising ferromagnetism develops with a reduced ordered
moment of 0.5µB/U , characteristic of itinerant electron
magnetism. The easy axis is [101¯]. The properties are
summarized in table III.
A recent review of the temperature-pressure-magnetic
field phase diagram of UIr may be found in (Kobayashi
et al., 2007). Several samples of varying quality have
been studied so far, where an indenter pressure cell was
used. The pressure technique leaves room for uncertain-
ties regarding the possible role of non-hydrostatic condi-
tions. As shown in Fig. 18, the resistivity, AC suscepti-
bility and magnetization establish, that three magnetic
phases may be distinguished under pressure. Data were
mostly collected for the [101¯] easy axis and [010] hard
axis. The nature of the magnetic states has not been
identified by means of microscopic probes yet. Based on
the available bulk data the phases are referred to as fer-
romagnetic states.
Under pressure the FM1 state vanishes for pressure
in excess of pc1 = 17 kbar. The transition at Tc1 may
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FIG. 18 Temperature versus pressure phase diagram of UIr.
Three ferromagnetic phases have been identified. Supercon-
ductivity is only observed at the border of the FM3 phase
with very low superconducting transition temperatures. Plot
taken from (Kobayashi et al., 2007).
be readily seen in the resistivity, AC susceptibility and
magnetization. The ordered moment decreases gradually
between 0.5µB/U and 0.27µB/U before dropping discon-
tinuously at pc1. In the limit T → 0 the FM2 phase
exists between pc1 and pc2 = 21 kbar. As a function of
temperature the FM2 transition may be seen in the AC
susceptibility, but not in the resistivity. The ordered mo-
ment in the FM2 state is strongly reduced and not larger
than 0.05µB/U. The FM3 phase exists in the limit T → 0
for pressures up to pc3 = 27.5 kbar. The ordered moment
in the FM3 phase vanishes continuously at pc3, where the
behavior between pc1 and pc3 is complex with the possi-
bility of a metamagnetic transition from the FM2 to the
FM3 phase. The magnetic ordering temperature of the
FM3 phase at Tc3 may be seen in the resistivity and AC
susceptibility. As a rather peculiar feature of the FM3
phase Tc3(p) is not directly connected with either Tc1(p)
or Tc2(p), but begins in the middle of the paramagnetic
regime as shown in Fig. 18. Clearly, based on symme-
try considerations there must be another transition line
along which the symmetry breaking takes place.
Superconductivity is observed in the FM3 phase of UIr
for pressures in the range 26 kbar < p < pc3 (Akazawa
et al., 2004a,b), reaching Ts = 0.15 K and Hc2 = 0.0258 T
is quite low. The superconductivity has been seen in the
resistivity and AC susceptibility, i.e., bulk superconduc-
tivity has not been established yet. No superconductivity
is observed in the paramagnetic regime above pc3. Also,
the superconductivity is only observed for samples with
fairly high residual resistivity ratios (> 170). The ob-
servation of superconductivity in the ferromagnetic state
and for high purity samples suggests unconventional pair-
ing. A possible Ir-based impurity phase has been ruled
out on the basis of the pressure dependence of Ts of Ir,
which does not match or track the behavior observed ex-
perimentally.
We finally return to the question of the nature of the
FM1, FM2 and FM3 phases. The FM1 phase appears to
be a straight-forward Ising ferromagnet. In contrast, the
dominant feature of the FM2 phase is a 25-fold increase
of the residual resistivity for the magnetically hard [010]
axis (Hori et al., 2006) and a strongly reduced sponta-
neous moment. Moreover, quantum oscillations vanish
outside the FM1 phase (Shishido et al., 2006). This let
to the speculation of a multilayer-like phase separation
along the [010] axis. It is presently not clear, whether
this structure is related to a structural modification, so
far not supported by high pressure x-ray diffraction. The
easy and hard axis of the magnetization are unchanged in
the FM3 phase, which supports the superconducivity at
low temperatures (Kobayashi et al., 2007). Finally, the
FM3 phase again appears to be a straight forward Ising
ferromagnet with strongly reduced ordered moment. It
has been argued that there is no additional modulation
in the FM3 state, because the easy and hard axis are
unchanged. Finally, it appears unlikely that the crys-
tal structure has recovered the centro-symmetric sym-
metry under pressure, because this would require ma-
jor rearrangements of the atomic positions. The ordered
magnetic moment in the FM3 phase (∼ 0.05µB/U) cor-
responds to a fairly small internal field, also consistent
with conventional superconductivity. Also, the coherence
length of ξ = 1100 A˚ as inferred from Hc2 is comparable
to the charge carrier mean free path of l = 1240 A˚. The
role of the different U-sites has not been addressed at
all. Clearly the interplay of magnetism and supercon-
ductivity in UIr poses a large number of experimental
and theoretical challenges for the future.
B. Superconductivity near electron localization
The degree of itineracy of the f-electrons in intermetal-
lic compounds provides a major source of scientific de-
bate. The transition from an itinerant to a localized
state creates variations in the charge density that also
drive strong correlations in the spin density. Interest-
ingly, heavy fermion superconductivity is found in ma-
terials at the border of such a localization transition.
This suggests that the nature of the superconductive in-
teractions is related to charge density fluctuations as a
new route to superconductivity. The interplay of these
fluctuations with spin fluctuations and further degrees of
freedom is an open issue.
1. Border of valence transitions
It has recently been suggested that the superconduc-
tivity maximum in CeCu2Si2 at high pressures is related
to a Ce3+ to Ce+4 valence transition (cf Fig.3), where
the 4f electron is delocalized in the high pressure Ce4+
state (Holmes et al., 2004; Yuan et al., 2004). This type of
QPT transition is non-symmetry breaking in the spirit of
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itinerant-electron metamagnetism. The suggestion was
inspired by the analogy of the temperature versus pres-
sure phase diagrams of CeCu2Ge2 and CeCu2Si2. In
CeCu2Ge2 x-ray diffraction suggests a valence transition
at a pressure pc2 ≈ 15 GPa (Onodera et al., 2002). How-
ever, there is no microscopic evidence for a valence tran-
sition in CeCu2Si2−xGex except for faint features seen
in the LIII-x-ray absorption (Roehler et al., 1988) and
changes of the metallic state notably the electrical resis-
tivity.
Studies of the magnetic phase diagram under pressure
establish, that the T 2 coefficient of the resistivity qual-
itatively tracks dHc2/dT up to ∼ 4.5 GPa, but drops to
a value about two orders of magnitude smaller above
∼ 4.5 GPa (Vargoz et al., 1998). Further studies es-
tablished, that the T 2 coefficient of the resistivity drops
abruptly, when the characteristic temperature scale Tmax1
varies under pressure or Ge-doping reaches a value of
∼ 70 K (Holmes et al., 2004). Under the same condi-
tions a five-fold enhancement of the residual resistivity is
observed and a tiny maximum in the specific heat coeffi-
cient.
It is conceivable that the superconductivity in
CeCu2Si2 at high pressure develops with a rather differ-
ent pairing symmetry. A microscopic pairing mechanism
has been proposed in which the pairing is dominantly
mediated by the exchange of charge fluctuations between
the conduction bands and the f-site (Onishi and Miyake,
2004). In the limit of a spherical Fermi surface and weak
coupling this model predicts a d-wave superconducting
state, where the value of Tc scales with the slope of the
continuous valence transition as a function of the f-level
energy.
2. Plutonium and neptunium based systems
Another surprise in recent years has been the discov-
ery of heavy-fermion superconductivity in the actinide
compounds PuCoGa5 (Sarrao et al., 2002), PuRhGa5
(Wastin et al., 2003) and NpPd5Al2 (Aoki et al., 2007a).
The properties of these systems are summarized in ta-
ble II. Status reports for PuCoGa5 and PuRhGa5 have
been given by (Haga et al., 2007; Sarrao and Thompson,
2007; Thompson et al., 2006a,b,c). The striking feature
about the superconductivity in PuCoGa5, PuRhGa5 and
NpPd5Al2 are values of Ts of 18.5, 8.7 and 4.9 K, respec-
tively, which are the highest of all f-electron systems.
It seems natural to assume that the key ingredients re-
sponsible for the high transition temperatures in these
systems are related to the special electronic properties of
the 5f electrons in the elements.
First, plutonium is delicately placed at the border be-
tween a large and small Wigner-Seitz radius characteris-
tic of the transition between delocalized and localized f-
electrons. Second, because Coulomb screening is stronger
for 4f than 5f electrons, the typical band width of 5f sys-
tems is intermediate between 3d and 4f systems. More-
over, the effects of spin-orbit coupling in 5f systems vary
quite strongly along the series and change from weak for
U to very strong for Pu, Am and Cm (Moore and van der
Laan, 2009). Qualitatively this suggests that certain 5f
superconductors are intermediate between the traditional
4f heavy fermion superconductors and 3d high-Tc super-
conductors. This conjecture is strongly supported by the
experimentally observed properties, especially when plot-
ting Ts, versus a temperature characteristic of the elec-
tronic correlations T0 (cf. the band width).
a. PuCoGa5 & PuRhGa5 Both PuCoGa5 and PuRhGa5
crystallize in the tetragonal HoCoGa5 structure, space
group P4/mmm (Sarrao et al., 2002; Wastin et al., 2003).
The structure is identical to the series of CenMmIn3n+2m
compounds reviewed in section II.A.2 and derives from
the cubic HoGa3 in terms of MGa2 layers stacked se-
quentially along the [100] axis (for further information
see (Wastin et al., 2003)). The normal state of both
of PuCoGa5 and PuRhGa5 is characterized by a Curie-
Weiss susceptibility with an effective fluctuating moment
µeff ∼ 0.75µB/Pu, respectively. The effective moment
is close to the 5f5 (Pu3+) configuration of 0.84µB. In
PuCoGa5 the Curie-Weiss temperature, Θ = −2 K, is re-
markably low (Sarrao et al., 2002). Above ∼ 100 K the
effective moment in PuRhGa5 assumes the free ion value
(Haga et al., 2007). The susceptibility exhibits Curie-
Weiss behavior throughout the normal state. The tem-
perature dependence of the electrical resistivity is anoma-
lous, showing a power law dependence ∝ Tn with n ∼
1.35 instead of the conventional quadratic temperature
dependence of an enhanced Fermi liquid. In both systems
the specific heat is well described as that of a heavy Fermi
liquid state plus lattice term C(T ) = γT + βT 3, where
γ = 0.077 J/mol K2 and γ = 0.07 J/mol K2 for PuCoGa5
and PuRhGa5, respectively. The value for β corresponds
to a Debye temperature ΘD ∼ 240 K for PuCoGa5 and
PuRhGa5.
Below Ts = 18.5 K PuCoGa5 exhibits superconductiv-
ity. The initial change of the upper critical field near Ts
in polycrystals is unusually large dHc2/dT = −5.9 T/K.
This implies Hc2 = 74 T (Werthamer et al., 1966), which
exceeds the estimated Pauli limit (HP = 34 T) by a fac-
tor of two. The estimated value of Hc2 corresponds to
a Ginzburg-Landau coherence length ξGL ≈ 21 A˚. The
heat capacity confirms bulk supercoductivity, where the
size of the anomaly, ∆C/γTs = 1.4, is consistent with
conventional BCS superconductivity. Further specific
heat studies in single-crystals confirm these conjectures
and show a quadratic temperature dependence, consis-
tent with an axial gap symmetry with line nodes (Ja-
vorsky´ et al., 2007). This study also establishes the pos-
sibility of an FFLO state in PuCoGa5, where a large Maki
parameter α is inferred. The magnetization is character-
istic of strong type II superconductivity.
It has been noticed that the anisotropy of the super-
conductivity in PuCoGa5 and PuRhGa5 to an applied
48
magnetic field qualitatively matches the anisotropy of the
antiferromagnetism in NpCoGa5 and NpRhGa5 to an ap-
plied magnetic field (Colineau et al., 2006; Wastin et al.,
2006). This supports the notion that the magnetic in-
teractions arise on the same grounds than the supercon-
ductivity. However, using polarized neutron scattering
orbital and spin contributions to the Curie-Weiss sus-
ceptibility have been discriminated (Hiess et al., 2008).
While the microscopic magnetization in NpCoGa5 agrees
with the bulk susceptibility, there is a large discrepancy
in PuCoGa5. In fact, the polarized neutron scattering
data imply that orbital contributions to the fluctuating
moment are dominant. In turn this suggests that the su-
perconductivity is not straight forwardly due to the more
traditional versions of spin fluctuation mediated pairing.
Microscopic evidence for unconventional superconduc-
tivity has been inferred from measurements of the 69,71Ga
and 59Co Knight shift Ks and nuclear spin-lattice re-
laxation rate T1 in PuCoGa5 (Curro et al., 2005; Sakai
et al., 2006) and PuRhGa5 (Bang et al., 2006; Sakai et al.,
2005). The Knight shift provides information on the
orbital susceptibility χo, which is essentially constant,
and the spin susceptibility, χs, which decreases in the
superconducting state. This clearly identifies PuCoGa5
and PuRhGa5 as spin-singlet d-wave superconductors.
The spin-lattice relaxation rate in both systems drops
abruptly when entering the superconducting state with-
out evidence of a Hebel-Slichter peak. Below Ts the re-
laxation rate initially varies as T−11 ∝ T 3 and settles into
a dependence T−11 ∝ T at the lowest temperatures, pre-
sumably due to impurity scattering.
The spin-lattice relaxation in PuCoGa5 and PuRhGa5
differs markedly from conventional electron-phonon me-
diate superconductivity observed in Al or MgB2, corre-
sponding to the predictions of antiferromagnetically me-
diated superconductive pairing and scales with the be-
havior observed in CeCoIn5 and YBa2Cu3O7. Thus the
observed form of T1 suggests common microscopic fea-
tures of the superconductivity for materials with vastly
different values of Ts which, however, are all strong con-
tenders for antiferromagnetic pairing. In fact, when plot-
ting Ts versus spin fluctuation temperature, which mea-
sures the effective band width, PuCoGa5 and PuRhGa5
are found to be intermediate to the class of 4f heavy
fermion superconductors and the 3d high Tc cuprates as
shown in Fig. 19. Interestingly the temperature depen-
dence of T1 in the normal state of PuRhGa5 deviates from
that observed in PuCoGa5, CeCoIn5 and YBa2Cu3O7.
This has been interpreted as a pseudogap consistent with
the canonical phase diagram of a superconducting dome
surrounding a quantum phase transition.
The strong radioactivity of Pu imposes several experi-
mental constraints. Self-heating generates a considerable
heat load that does not allow to perform experiments at
very low temperatures. A typical value is ∼ 0.45µW
per mg for PuRhGa5. More important is the structural
damage incurred by the radioactive decay of 239Pu, which
results in a uranium nucleus and a high-energy alpha par-
FIG. 19 Comparison of superconducting transition tempera-
ture with the characteristic spin fluctuation temperature. The
latter is essentially a band width and may be insensitive to
the precise microscopic nature of the correlations. Plot from
(Curro et al., 2005) as shown in (Sarrao and Thompson, 2007).
ticle. The uranium nucleus displaces by a mean distance
of 120 A˚ and creates on average of 2300 Frenkel pairs
of vacancies and displaced interstitials distributed over a
range of 75 A˚ (Wolfer, 2000).
Several studies have addressed the effects of self-
irradiation (Booth et al., 2007; Jutier et al., 2006,
2005; Ohishi et al., 2007, 2006), which may be seen
as an unique opportunity to study the evolution of a
superconducting state as a function of increasing de-
fect concentration. Experimentally it is observed that
Ts decreases in both compounds under self-irradiation,
where ∆Ts/∆t ∼ −0.39 K/month for PuRhGa5 and
∆Ts/∆t ∼ −0.24 K/month for PuCoGa5 (Jutier et al.,
2005). For doped samples with PuCo0.1Rh0.9Ga5 and
PuCo0.5Rh0.5Ga5 the rates of decrease are intermedi-
ate (Jutier et al., 2006). Hc2 and the critical current
density show more complex behavior. The initial varia-
tion of Hc2 near Ts increases in 553 days for PuCoGa5
from dHc2/dT = −5.5 T/K to dHc2/dT = −13 T/K,
while is decreases strongly for PuRhGa5 from dHc2/dT =
−3.4 T/K to dHc2/dT = −0.8 T/K. The same trends
are reflected in the critical currents. These studies sug-
gest that self-irradiation generates point defects, where
defects of the size of the coherence length are known to
represent effective pinning centers (Campbell and Evetts,
1972).
The nature of the damage caused by self-irradiation
has been studied microscopically by µ-SR (Ohishi et al.,
2007, 2006). The µSR line widths are found to narrow
dramatically with increasing self-irradiation. This is seen
as the result of an abundance of pinning centers that
trap flux lines thereby reducing the internal field distri-
bution. The absolute value of the penetration depth as
inferred from the µSR data strongly depends on the de-
fect concentration. Yet, the low temperature variation,
λ ∝ T , consistently shows d-wave behavior for the pres-
tine and the irradiated samples. When taken together
this suggests that the superconducting state is rather ro-
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bust against the damages incurred by self-irradiation.
Finally, when monitoring the consequences of self-
irradiation over a period of four years, the degradation
of the superconductivity actually deviates from a strictly
linear behavior (Jutier et al., 2008). This deviation has
been explained in the framework of an Eliashberg the-
ory of a ’dirty’ d-wave superconductor, consistent with
the NMR measurements. These authors point out that a
phononic mechanism reproduces the experimental data,
leaving open the role of the spin and orbital fluctuations.
We now turn to the possible nature of the supercon-
ductivity in PuCoGa5 and PuRhGa5. The Curie-Weiss
dependence may be taken as evidence of localized 5f elec-
trons. Yet, PuIn3, shows a similar strong Curie-Weiss
susceptibility, but quantum oscillatory studies establish
that the 5f electrons are in an itinerant state. An itin-
erant f-electron state in PuCoGa5 and PuRhGa5 is also
supported by the temperature dependence of the resistiv-
ity. This is supported further by band structure calcu-
lations for PuCoGa5 in the local density approximation
which suggest that the origin of the high value of Ts in-
deed lies in the 5f electrons (Maehira et al., 2003; Opahle
and Openeer, 2003; Szajek and Morkowski, 2003).
Also, a comparison of the resistivity of the series
ACoGa5 (A=U, Np, Pu and Am) establishes that the re-
sistivity for the systems CeCoIn5, PuCoGa5 and UCoGa5
scale with each other characteristic of a single spin fluc-
tuation energy. Moreover, the physical properties of the
ACoGa5 systems suggests that PuCoGa5 resides near an
itinerant to localized crossover of the 5f electrons that
is reminiscent of the itinerant to localized crossover that
occur near Pu in the actinide series (Moore and van der
Laan, 2009). The peculiar emergence of the supercon-
ductivity out of a metallic state with strong Curie-Weiss
susceptibility has inspired theoretical considerations con-
cerning the symplectic symmetry of the spin in PuCoGa5
and NpCoGa5 and how a coupling of local spins with
the conduction electrons may promote superconductiv-
ity (Flint et al., 2008).
The specific heat of PuCoGa5 suggests a Debye tem-
perature ΘD = 240 K, which, using the McMillan equa-
tion with a Coulomb pseudopotential µ∗ = 0.1 and weak
electron-phonon coupling λ = 0.5 and λ = 1, sug-
gests Ts ≈ 2.5 K and ∼ 14 K, respectively (Thompson
et al., 2004). Thus conventional electron-phonon medi-
ated pairing cannot be ruled out. However, it is difficult
to reconcile it with the large fluctuating magnetic mo-
ments seen in the normal-state susceptibility. Moreover,
because the temperature dependence of the resistivity is
best explained in terms of scattering by antiferromag-
netic spin fluctuations it has been concluded that super-
conductivity in PuCoGa5 is unconventional. In fact, tak-
ing into account the presence of defects as measured by
the residual resistivity ρ0 = 20µΩcm transition temper-
atures as high as ∼ 40 K may be expected (Bang et al.,
2004).
The lattice dynamics of PuCoGa5 was studied experi-
mentally by room temperature inelastic x-ray scattering
(Raymond et al., 2006) and compared to first principles
calculations using the generalized gradient approxima-
tion (GGA) in density functional theory (Piekarz et al.,
2005). Excellent quantitative agreement was obtained
when the on-site Coulomb repulsion was taken into ac-
count with U = 3 eV (GGA+U) and Hund’s rule ex-
change. The estimated averaged electron-phonon con-
stant is calculated to be λ = 0.7 (Piekarz et al., 2005).
In the Allen-Dynes or equivalently McMillan formalism
this value of λ, when taken together with the Debye
temperature and a pseudo-Coulomb interaction µ∗ be-
low 0.1, implies Ts to be in the range 7 to 14K. In other
words electron-phonon coupling alone cannot be respon-
sible for the superconductivity in PuCoGa5. However,
the detailed understanding of electron-phonon interac-
tions in PuCoGa5 and CeCoIn5 requires to resolve also
why UCoGa5 is not superconducting even though the
phonon spectra are similar.
A dual nature of the 5f electrons was inferred from
a photoemission study of PuCoGa5 (Joyce et al., 2003),
where excellent agreement with a so-called mixed-level
calculation (MLL) in density functional theory was ob-
served. In this calculation one f-electron is in an itinerant
state and four f-electrons are localized 1.2 eV below EF .
The data are in stark contrast with the predictions of
purely itinerant f electrons in a generalized gradient ap-
proximation (GGA). The conclusion of the MLL calcula-
tion has been questioned by a first principles calculation
of the ground state (So¨derlind, 2004). It transpires that
the photoemission spectra can be accounted for by fully
itinerant f electrons when the spin and orbital degrees of
freedom are allowed to be correlated.
Using relativistic linear augmented-plane-waves the
Fermi surface was found to be dominated by several large
cylindrical f-electron sheets in fair agreement with the
Fermi surface of CeMIn5 (Maehira et al., 2003). In par-
ticular, the band width of the 5f electrons is intermediate
to typical 3d and 4f systems. While the calculated Fermi
surface of PuCoGa5 and CeMIn5 (M=Co, Ir, Rh) is simi-
lar it differs from the calculated Fermi surface of the pair
of actinide systems UCoGa5 and NpCoGa5, which con-
sists of several small sheets plus a single large sheet for
the case of NpCoGa5.
The similarities of the Fermi surface in PuCoGa5 and
CeMIn5 can be explained in terms of a tight-binding
calculation taking into account j-j coupling (Hotta and
Ueda, 2003; Maehira et al., 2003). The analogy may be
traced to the pseudo-spin representation of the j-j cou-
pling, where one electron exists in the j = 5/2 sextett
for Ce3+, while there is one hole for the five electrons
of Pu3+ in the sextett. Thus Pu3+ may be viewed as
the hole analogue of the one electron state of Ce3+. The
increased value of Ts may then be attributed to the in-
creased width of the 5f bands, where an additional role
of the orbital structure of the Pu systems is likely.
The role of the transition metal element in controlling
the nature of the ground state in PuCoGa5 and related
compounds has been explored experimentally by means
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substitutional replacement of Pu by U and Np and of Co
by Fe, Rh and Ni (Boulet et al., 2005). Superconductivity
is most dramatically suppressed for U and Np substitu-
tion, while isoelectronic substitution is the least destruc-
tive. These results are theoretically underpinned by DFT
calculations in the full-potential linear-muffin-tin-orbital
(FP LMTO) approximation, where the transition metal
element does not contribute directly to the density of
states at the Fermi level (Oppeneer et al., 2006). Rather
the transition metal effectively hole- or electron-dopes
the Pu atom.
Ab initio total energy calculations in the local spin
density approximation suggest antiferromagnetic ground
states for PuCoGa5 and PuRhGa5 (Opahle et al., 2004).
When taking into consideration that LSDA calculations
do not treat correlation effects properly these results sug-
gest that PuCoGa5 and PuRhGa5 are at least close to
antiferromagnetic order. The effects of Coulomb correla-
tions have been addressed in a study using the relativistic
LSDA+U (Shick et al., 2005). This study unexpectedly
shows a considerable reconstruction of the LSDA results
suggesting j-j like coupling for the Pu 5f manifold similar
to what is observed for pure Pu metal. The dynamical
mean field theory (DMFT), finally, suggests an impor-
tant role of van Hove singularities in the ~k-resolved spec-
tral density that may provide strong enhancements of
the magnetic susceptibility leading to d-wave supercon-
ductivity (Pourovskii et al., 2006).
The analogy of PuMGa5 and CeMGa5 has been ex-
plored experimentally in several studies. Besides the ev-
idence for an important role of critical antiferromagnetic
fluctuations and the general considerations based on the
calculated band structure given above, there is striking
similarity concerning the dependence of Ts on the ratio
c/a of the lattice parameters as shown in Fig. 10 in sec-
tion II.A.2 (Bauer et al., 2004b). This trend is consistent
with trends predicted for magnetically mediated pairing
(Monthoux and Lonzarich, 2001, 2002). However, the ex-
perimental investigation of the lattice parameters under
high pressure establishes that for none of the PuMGa5
and CeMGa5 systems the value of Ts scales with c/a.
This suggests that there are other important aspects be-
sides the c/a ratio (Normile et al., 2005). On another
note it has been suggested, that the normalized pressure
dependence of the superconductivity is consistent with a
dome, which may be qualitatively viewed in a common
phase diagram (Thompson et al., 2006c).
b. NpPd5Al2 We next turn to the question of further
actinide superconductors that are neither based on ura-
nium nor plutonium. An important element in this re-
spect is neptunium which is adjacent to plutonium. The
Wigner-Seitz radius thereby suggests that the f-electrons
in Np are in an itinerant state. Examination of spec-
troscopy and physical properties shows that the 5f states
of Np are beginning to show the effects of localization,
however, the metal is still fairly delocalized (Moore and
van der Laan, 2009).
Recently heavy fermion superconductivity has also
been discovered in NpPd5Al2 (Aoki et al., 2007a; Griveau
et al., 2008). This represents the first Np-based super-
conducting system. It is interesting to compare the prop-
erties of this system with the Pu-based heavy fermion
superconductors. The crystal structure of NpPd5Al2
is ZrNi2Al5 type body-centered tetragonal, space group
I4/mmm with atomic positions Np (0, 0, 0), Pd(1)
(1, 1/2, 0.1467), Pd(2) (0, 0, 1/2) and Al (0, 0, 0.255). The
lattice constants establish a particularly anisotropic ma-
terial, c=14.716A˚ and a=4.148 A˚. Electronic structure
calculations suggest itinerant 5f electrons (Yamagami
et al., 2008).
The normal state is characterized by a Fermi liquid
specific heat with γ = 0.2 J/mol K2. In contrast, the
magnetic susceptibility is temperature independent for
the c-axis, but diverges all the way until superconductiv-
ity sets in. This and the linear temperature dependence
of the electrical resistivity for the a-axis clearly signal
NFL properties.
The normal state susceptibility shows a Curie-Weiss
temperature dependence with a fluctuating moment
µabeff = 3.22µB/Np, µ
c
eff = 3.06µB/Np for the ab-plane
and c-axis, respectively, that is intermediate to the free
Np 5f3 free ion value of 3.62 /Np and the Np 5f4 con-
figuration with 2.68 /Np. The Curie-Weiss susceptibility
extends all the way down to the onset of superconductiv-
ity at Ts = 4.9 K. The tetragonal c-axis is magnetically
hard. The electrical resistivity is characteristic of a good
metal and decreases monotonically from its room tem-
perature value of ∼ 65µΩcm down to Ts. Just above Ts
the resistivity is linear in temperature, characteristic of
charge carrier scattering by critical fluctuations consis-
tent with the Curie Weiss susceptibility. The extrapo-
lated residual resistivity is ρ0 ≈ 5µΩcm. Despite the ev-
idence for strongly temperature dependent fluctuations
in the normal state specific heat show the behavior of a
Fermi liquid with an enhanced γ = 0.2 J/mol K2.
The superconducting transition is accompanied by
a pronounced λ anomaly in the specific heat, where
∆C/γTs = 2.33. This is characteristic of strong-coupling
superconductivity. The temperature dependence of the
specific heat in the superconducting state is highly un-
conventional, following initially a T 2 dependence that
settles into a T 3 dependence below ∼ 1.8 K. The T 3
dependence of the low temperature specific heat is con-
sistent with point nodes in the superconducting gap. In
combination with the antiferromagnetic fluctuations in-
ferred from the normal state susceptibility this suggests
a d-wave state with point nodes.
The initial slopes of Hc2 near Ts are anomalously large
with dHabc2 /dT = −6.4 T/K and dHcc2/dT = −31 T/K,
as for the Pu based superconductors. However, Hc2 is
highly anisotropic and in comparison the Pu-based sys-
tems reduced, where Habc2 (T → 0) = 3.7 T and Hcc2(T →
0) = 14.3 T. This suggests considerable paramagnetic
limiting of Hc2. The d.c. magnetization shows that
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the lower critical field Hc1 = 0.008 T, coherence length
ξ = 94 A˚, penetration depth λ = 2600 A˚ and Ginzburg-
Landau parameter κ = 28. For the c-axis the magneti-
zation suggests first order behavior at low temperatures,
akin CeCoIn5 (for the a-axis Hc2 is too large). This im-
plies also the possibility for an FFLO state.
27Al NMR in single crystal NpPd5Al2 (Chudo et al.,
2008) shows a broadening of the NMR spectra when en-
tering the superconducting state, consistent with a flux
line lattice. Further, there is no coherence peak and the
spin-lattice relaxation rate, 1/T1 shows a cubic temper-
ature dependence. Both, the spin-lattice relaxation rate
as well as the Knight shift point at line-nodes and strong
coupling d-wave superconductivity.
Changes of the temperature dependence of the resistiv-
ity under magnetic field suggests the vicinity to a quan-
tum critical point; the T 2 coefficient decrease as if it
is singular at Hc2. Interestingly pressure suppresses Ts
above 57 kbar, reminiscent of a superconducting dome
(Honda et al., 2008b). This is also consistent with a
vicinity to quantum criticality.
As for the Pu-based superconductors it is not clear,
where the entropy of the magnetic fluctuations is dumped
in the superconducting state. Based on the striking sim-
ilarity of the Pu and Np superconductor it interesting to
speculate on the possible implications of the paramag-
netic limiting as the only difference. Since Pu is closer to
the localization of the f electron, this may suggest an im-
portant role of charge fluctuations (Schlottmann, 1989).
In fact, similar considerations as for the vicinity of a va-
lence instability discussed above may also apply here and
charge density fluctuations may promote the supercon-
ductive pairing (Monthoux and Lonzarich, 2004; Onishi
and Miyake, 2000).
C. Border of polar order
For systems where the quasiparticle dressing cloud is
dominated by excitations of the crystal electric fields
an interesting question concerns, whether the quasiparti-
cle interactions also include attractive components that
may stabilize superconductivity. A scenario of this kind
has been proposed for UPd2Al3 as discussed in section
II.B.1.a. However, for UPd2Al3 the superconductivity
coexists with large-moment antiferromagnetism where
Ts  TN . In turn the interplay of the crystal field ex-
citations with the antiferromagnetic order is of consid-
erable complexity and essentially not accessible directly
experimentally due to the strong hybridization of the 5f
electrons with the conduction electrons.
In comparison to U-based compounds, Pr-based com-
pounds generally show distinct crystal electric field exci-
tations. The quasiparticle dressing clouds in the Fermi
liquid regime in pure Pr were, for instance, identified
as being excitonic (Lonzarich, 1988). In recent years
heavy-fermion superconductivity has been discovered in
PrOs4Sb12 and related compounds (cf table V). There
TABLE V Key properties of Pr-based heavy-fermion super-
conductors and siblings exhibiting conventional superconduc-
tivity. Missing table entries may reflect more complex behav-
ior discussed in the text. References are given in the text.
PrOs4Sb12 PrRu4Sb12 PrRu4P12
structure cubic cubic cubic
space group Im3¯ Im3¯ Im3¯
a(A˚) 9.302 -
∆CEF (meV) 7 64
state SC, AFQ SC IN, SC
Tc(K) 1.3 (at 9 T) 62
~Q (0, 0, 1) -
µord(µB) 0.085 -
γ(J/molK2) 0.5 0.059 -
Ts(K) 1.85 1.3 1.8
(p > 110 kbar)
∆C/γnTs > 5 -
Hc2(T) 2.3 0.2 2
dHc2/dT (T/K) -1.9 -
ξ0(A˚) 120 400 -
λ0(A˚) 3440 3650 -
κGL(A˚) 28 9
year of discovery 2002 2005 2004
is now growing consensus that the superconductivity
in PrOs4Sb12 may be mediated by the exchange of
quadrupolar fluctuations. In the following we first review
the properties of PrOs4Sb12. For more detailed reviews
we refer to (Aoki et al., 2007b; Hassinger et al., 2008;
Maple, 2005; Maple et al., 2008). The section concludes
with a paragraph on PrRu4P12, in which superconduc-
tivity emerges, when an insulating state is suppressed at
110 kbar.
c. PrOs4Sb12 PrOs4Sb12 belongs to the rare-earth-filled
skutterudites, a class of systems with an exceptionally
rich spectrum of vastly different ground states. Exam-
ples include insulating and metallic behavior, long range
magnetic and polar order as well as conventional and un-
conventional superconductivity (Aoki et al., 2005; Maple,
2005; Maple et al., 2008; Sales, 2003; Sato et al., 2007).
The large variety of electronic behaviors may be traced
to the unusual crystal structure, which for the case of
PrOs4Sb12 consists of a stiff icosahedron Sb cage typical
of binary skutterudites, filled with a loosely bound Pr ion.
The Pr ion is presumably in an off-center position (Goto
et al., 2004). The space group of the crystal structure is
Im3¯, where the local point symmetry of the rare-earth
ion is tetrahedral, Th(m3), which does not include a 4-
fold rotation axis. Consequently the crystal electric fields
split the J = 4 multiplet of the Pr3+ ions into a Γ1
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singlet, a non-Kramers nonmagnetic doublet Γ23 and two
triplets Γ1,24 (Takeuchi et al., 2001). As for all rare-earth
filled skutterudites the Pr-ion exhibits ’rattling’ modes,
leading to almost dispersionless low-energy phonons as
seen in Raman scattering (Ogita et al., 2008). In neutron
scattering the rattling modes result in large Debye-Waller
factors and in Raman scattering a second order phonon
peak has been observed (Goto et al., 2004; Kaneko et al.,
2006). Even though the Pr ion is only loosely bound, the
p-f hybridization is expected to be large because of the
cage of Sb atoms surrounding it.
The resistivity of PrOs4Sb12 decreases monotonically
with temperature and displays a roll-off around 10 K fol-
lowed by a superconducting transition at Ts = 1.85 K
(Bauer et al., 2002). The susceptibility displays a broad
maximum around 3 K and the specific heat exhibits a pro-
nounced Schottky anomaly. The features in the resistiv-
ity, susceptibility and specific heat are due to thermally
populated CEF-split Pr3+ energy levels. Two differing
crystal field schemes were initially proposed, a Γ1 sin-
glet ground state and Γ4 triplet first excited state (Aoki
et al., 2002) and vice versa (Maple et al., 2002; Vollmer
et al., 2003). Inelastic neutron scattering (Goremychkin
et al., 2004) and detailed measurements of the magnetic
field dependence (Aoki et al., 2002) have settled this is-
sue and it is now accepted (Bauer et al., 2006b), that the
ground state is a Γ1 singlet, followed by a Γ4 triplet first
excited state.
Quantum oscillatory studies show Fermi surface sheets
consistent with localized 4f electrons (Sugawara et al.,
2008, 2002). In comparison with other systems in this
series the Fermi surface lacks nesting and compares well
with that of LaOs4Sb12. The similarity of the Fermi
surface topology is underscored by Hall effect and ther-
mopower measurements, which are similar for both com-
pounds (Sugawara et al., 2005).
It was immediately recognized that PrOs4Sb12 repre-
sents the first example of a Pr-based heavy-fermion su-
perconductor (Bauer et al., 2002). Although the low
temperature specific heat is dominated by a Schottky
anomaly around 2 K, it is possible to infer a strongly
enhanced linear term in the normal state specific heat
C/T ≈ 0.2 to 0.75 J/mol K2 (for a comprehensive dis-
cussion of the analysis of C(T ) see (Grube et al., 2006)
and references therein). A related large anomaly is ob-
served in the specific heat at the superconducting transi-
tion, ∆C/Ts ≈ 0.5 J/mol K2, which, depending on the
strength of the coupling, also points to a large value
of γ. Finally,Hc2 ∼ 2.2 T is close to the orbital limit
Horbc2 = 2.4 T, inferred from the experimentally observed
variation dHc2/dT ≈ −1.9 T/K near Ts. The large value
of dHc2/dT also supports heavy fermion superconductiv-
ity.
An increasing number of experimental data suggest
that the superconductivity in PrOs4Sb12 is unconven-
tional. µ-SR shows that the superconductivity is accom-
panied by time reversal symmetry breaking (Aoki et al.,
2003). The penetration depth measurements show a tem-
FIG. 20 Magnetic field versus temperature phase diagram of
PrOs4Sb12. In high magnetic field an ordered state is stabi-
lized that is driven by the level crossing of the crystal elec-
tric fields under magnetic field. Plot taken from (Aoki et al.,
2007a).
perature dependence of the penetration depth λ ∝ T 2
and superfluid density ρs ∝ T 2 down to 0.3Ts (Chia
et al., 2003). The zero temperature penetration depth
λ = 3440 A˚ is comparatively short. The data for λ and
ρs are consistent with point nodes of strong-coupling su-
perconductivity with ∆(0)/kBTs = 2.6. This is con-
trasted by Sb-NMR of the spin-lattice relaxation rate,
which lacks a coherence peak and shows a temperature
dependence consistent with an isotropic energy gap of
a very strong-coupling state (Kotegawa et al., 2003).
A well-developed superconducting gap, which is nearly
isotropic is also observed in tunneling spectroscopy (Sud-
erow et al., 2004). Small angle neutron scattering in
PrOs4Sb12 has revealed an asymmetry of the flux line lat-
tice that suggests a p-wave superconducting state (Hux-
ley et al., 2004).
The case for unconventional superconductivity in
PrOs4Sb12 is underscored by the observation of con-
ventional superconductivity in the Pr-filled skutterudites
PrRu4Sb12 (Frederick et al., 2005) and PrRu4As12 (Ts =
2.4 K) (Shirotani et al., 1997), as well as the La-filled
skutterudites LaRu4As12 (Ts = 10.4 K), LaFe4P12 (Ts =
4.1 K), LaRu4P12 (Ts = 7.2 K), LaRu4Sb12 (Ts = 3.4 K)
and LaOs4Sb12 (Ts = .74 K) (Maple et al., 2002; Miyake
et al., 2004; Sato et al., 2003). Remarkably, upon dop-
ing PrOs4Sb12 by La on the Pr site and Ru on the Os
site the heavy-fermion superconductivity gradually turns
into conventional superconductivity. This suggests, that
a certain stability of the heavy fermion superconductivity
against defects exists.
A controversial question in PrOs4Sb12 concerns,
whether the superconductivity consists of multiple super-
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conducting phases and/or multiband superconductivity.
The specific heat and thermal expansion display a dou-
ble superconducting transition (Aoki et al., 2002; Bauer
et al., 2002; Measson et al., 2004; Oeschler et al., 2004;
Rotundu et al., 2004; Vollmer et al., 2003). The simi-
larity of the observed behavior across a large number of
different samples seems to suggest that the behavior is in-
trinsic. However, recent studies of a very high quality sin-
gle crystal show only a single transition (Me´asson et al.,
2008; Seyfarth et al., 2006). A detailed study of samples
with a double transition in the specific heat using micro-
Hall probe and magneto-optical imaging reveal consider-
able inhomogeneities that question a bulk nature of the
double transition (Kasahara et al., 2008). The double
transition is also reflected in the susceptibility (Cichorek
et al., 2005; Frederick et al., 2004; Grube et al., 2006; Me-
asson et al., 2004; Me´asson et al., 2008) and resistivity
(Measson et al., 2004), which points at an extrinsic origin.
Multiband superconductivity has been suggested on the
basis of thermal conductivity measurements, which read-
ily return to the normal state behavior in small magnetic
fields (Seyfarth et al., 2006, 2005). Further, Hc2 shows
positive curvature near Ts (Measson et al., 2004). Multi-
band superconductivity has also been inferred from Sb-
NQR studies (Yogi et al., 2008), which supports a fully
gapped large Fermi surface that drives strong-coupling
superconductivity accompanied by a small Fermi surface
with line nodes.
Additional transitions to further superconducting
states have been inferred from magnetothermal trans-
port (Izawa et al., 2003), the low field magnetization (Ci-
chorek et al., 2005) and Andreev reflections (Turel et al.,
2008). As for the magnetothermal transport, a change
of symmetry is observed at fairly high fields ∼ 1 T, while
the magnetization shows a pronounced enhancement of
the lower critical field and critical current density below
∼ 0.5 K. The transitions in the magnetothermal trans-
port and magnetization are unrelated. Both await fur-
ther clarification in terms of other experimental quanti-
ties.
Inelastic neutron scattering suggests that quadrupo-
lar fluctuations are involved in the superconducting pair-
ing (Kuwahara et al., 2005; Raymond et al., 2008b). A
clear dispersion is found for the transition Γ1 to Γ
(2)
4 for
~Q = (ζ, 0, 0) in zero magnetic field. Both the excita-
tion energy and scattering intensity exhibit a minimum at
~q = (1, 0, 0), the ordering wave vector of the field induced
antiferroquadrupolar order described below. The exci-
tations hence are quadrupolar and not magnetic. When
entering the superconducting state, the excitation energy
and its width decrease, signaling an interplay that may
either be due to a freezing out of the damping by particle-
hole excitations or an indication that the quadrupolar
excitations are directly involved in the pairing. In par-
ticular, for low temperatures and magnetic fields the en-
ergy of this excitation compares with the superconduct-
ing gap. This suggests that superconducting pairing may
be mediated by this excitation.
We finally turn to the remarkable vicinity of long
range polar order and superconductivity in PrOs4Sb12.
A pronounced phase transition emerges above ∼ 4 T that
reaches 1.3 K at 9 T followed by a decreases and suppres-
sion above 13 T as summarized in Fig.. 20 (Aoki et al.,
2002; Oeschler et al., 2004; Rotundu et al., 2004; Sug-
awara et al., 2005; Tayama et al., 2003; Vollmer et al.,
2003). The large entropy released at this phase tran-
sition clearly shows that the 4f electrons are involved
in the ordering process. Neutron diffraction reveals
a small antiferromagnetic modulation in the high field
phase (Kaneko et al., 2007; Kohgi et al., 2003). For field
~H ‖ [0, 0, 1] and ~H ‖ [1, 1, 0] the superlattice has wave
vector ~q = (1, 0, 0), where the corresponding ordered mo-
ment of µord = 0.025µB/Pr represents only a few % of
the uniform magnetization.
It is possible to show that this modulation results
from Γ5-type antiferroquadrupolar interactions (Shiina,
2004; Shiina and Aoki, 2004). Within this scenario the
anisotropy of the field induced ordered phase is due to
the tetrahedral point symmetry Th of the Pr ion. The
antiferroquadrupolar order is driven by the Zeeman split-
ting and the crossing of the lower triplet with the sin-
glet level at 9 T. It is interesting to note that the order-
ing wave-vector corresponds to the nesting wave-vector
in PrRu4P12 (Hao et al., 2004; Lee et al., 2001) and
PrFe4P12 (Iwasa et al., 2002), which display anomalous
ordering transitions.
d. PrRu4P12 The Pr filled skutterudite compounds
PrRu4P12 exhibits a metal insulator transition at TMI =
62 K, that defies an explanation in terms of magnetic or
charge ordering (Sekine et al., 1997). Under hydrostatic
pressure TMI varies only weakly, but additional anoma-
lies emerge below TMI that suggest further ordering tran-
sitions. Above 110 kbar PrRu4P12 turns metallic with a
superconductivity below Ts ∼ 1.8 K (Miyake et al., 2004).
The upper critical field of this superconducting state is
rather high Hc2 ≈ 2 T. Whether or not the supercon-
ductivity is unconventional awaits further clarification,
where the similarity of Ts and Hc2 with PrOs4Sb12 is
interesting to note.
V. MULTIPLE PHASES
A. Order parameter transitions
Many of the superconducting phases of intermetallic
compounds reviewed in this paper are candidates for un-
conventional superconductivity with complex supercon-
ducting order parameters. They may in turn display var-
ious symmetry broken superconducting phases. In the
following we summarize the evidence for such multiple su-
perconducting phases. At present the only stoichiometric
superconductor, where multiple superconducting phases
are observed beyond doubts is the archetypical heavy-
54
fermion system UPt3, which will be addressed first. This
is followed by short summaries on further candidates for
such phases, where prominent examples are PrOs4Sb12
and U1−xThxBe13.
1. Superconducting phases of UPt3
The normal state properties of UPt3 have been in-
troduced in section II.B.2.a. At low temperature UPt3
displays a peculiar form of commensurate antiferromag-
netic order below TN = 5 K with tiny magnetic moments,
that appears to be related to a highly dynamic magnetic
ground state. The antiferromagnetic order is only ob-
served in neutron scattering and the metallic state shares
the properties of a strongly renormalized Fermi liquid. In
this heavy fermion ground state superconductivity ap-
pears below Ts = 0.54 K. While heavy-fermion super-
conductivity in its own right would already be quite re-
markable, it is the observation of three superconducting
phases that has attracted tremendous scientific interest.
In the following we briefly review the superconducting
phase diagram in UPt3. A detailed account may be found
in (Joynt and Taillefer, 2002).
The first indication for multiple superconducting
phases was observed in the ultrasound attenuation in ap-
plied magnetic fields and in Hc2. The bulk property that
exhibits the most distinct evidence of multiple supercon-
ducting phases is the specific heat, where two transitions
are seen. The transition temperatures are T+s = 0.530 K
and T−s = 0.480 K (Fisher et al., 1989). Thus the split-
ting is of the order ∼10% of Ts and rather small. With
respect to the linear term of the normal state specific
heat, γn = 0.44 J/mol K2, the anomalies at Ts are given
by ∆C+/γT+s = 0.545 and ∆C
−/γT−s = 0.272. The ra-
tio of the height of the upper to the lower anomalies is
hence about 2:1. Even though the specific heat anoma-
lies are substantial, they are small by comparison to the
BCS value. This indicates nodes in the superconducting
gap. Another signature of nodes in the gap is a linear
decrease of C/T below Ts down to 0.1 K, below which a
pronounced upturn is observed (Brison et al., 1994).
Applied magnetic field has been found to reduce T+s
and T−s at different initial rates without significant
broadening for field parallel and perpendicular to the c-
axis as shown in Fig. 21 (Hasselbach et al., 1989, 1990).
The transition merges at a tetracritical point (H∗, T ∗H),
where for H ‖ cˆ: H∗ = 0.4 T, T ∗H = T+s − 0.1 K. For
H ⊥ cˆ: H∗ = 0.8 T, T ∗H = T+s − 0.15 K. Tetracritical-
ity has been confirmed by ultrasound attenuation (Aden-
walla et al., 1990; Bruls et al., 1990), dilatometry (van
Dijk et al., 1993) and the magnetocaloric effect (Bogen-
berger et al., 1993). The general consensus has become,
that UPt3 exhibits three superconducting phases referred
to as A, B and C. Phases A and B support a Meissner and
a Shubnikov phase below and above Hc1. As a function
of temperature Hc1 shows a sudden increase in slope at
T−s (Vincent et al., 1991). Qualitatively the three compo-
FIG. 21 Superconducting phases of UPt3 as a function of
magnetic field. The insets show the nodal structures of the
E1u representations, proposed on the basis of small angle neu-
tron scattering of the flux line lattice. Plot taken from (Hux-
ley et al., 2000).
nent phase diagram contrasts an extrinsic origin, where
the phase transition lines may be expected to have simi-
lar field dependences.
In general Hc2 in UPt3 exceeds Pauli limiting. The
anisotropy of H ‖ cˆ and H ⊥ cˆ changes at around 0.2 K
with H‖c2 < H
⊥
c2 at low temperatures and H
‖
c2 > H
⊥
c2
near Ts (Shivaram et al., 1986). The presence of the
three superconducting phases requires to distinguish co-
herence lengths and penetration depths according to
these phases. On the one hand, the zero temperature
value of Hc2 is characteristic of the C phase, where
H
‖
c2(T → 0) = 2.1 T and H⊥c2(T → 0) = 2.8 T. The
anisotropy of Hc2 may be accounted for by an anisotropic
mass enhancement. The coherence length inferred from
Hc2 then is ξ ≈ 120 A˚. On the other hand, the initial
slope of Hc2 with temperature near T+s is characteristic
of the A phase, where dH‖c2/dT |T+s = −7.2 ± 0.6 T/K
and dH⊥c2/dT |T+s = −4.4 ± 0.3 T/K. When accounting
for this anisotropy also in terms of the effective mass en-
hancement, it is possible to obtain an estimate of the
Ginzburg-Landau parameter κGL = 44. In other words
UPt3 is a strong type 2 superconductor. Some simple
estimates arrive at values of the penetration depth of the
order λ‖(T → 0) = 4500 A˚ and λ⊥(T → 0) = 7400 A˚,
consistent with the short coherence length estimated for
the C phase. It can finally be shown that weak coupling
theory yields the same value of κGL. This implies that
UPt3 is still fairly well described in a weak coupling ap-
proximation.
The effect of hydrostatic pressure on the superconduct-
ing transitions and the antiferromagnetic order strongly
suggests, that the antiferromagnetic order is instrumental
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for the symmetry breaking between the different super-
conducting phases. In the specific heat the two super-
conducting transitions are found to decrease at different
rates, eventually merging into a single transition above
∼3 kbar (Trappmann et al., 1991). At the same time neu-
tron scattering establishes that the ordered moment de-
creases under pressure and vanishes above ∼3 kbar, while
TN is essentially not affected by pressure (Hayden et al.,
1992).
Numerous other experimental probes suggest uncon-
ventional pairing and provide important hints as to the
precise nature of the gap symmetry. For instance, in a
recent small angle neutron scattering study the magnetic
field dependence of the flux line lattice has been estab-
lished. The upshot of this study is that the three super-
conducting phases belong to the E2u symmetry (Huxley
et al., 2000) (see also (Champel and Mineev, 2001) for
theoretical considerations on the flux line lattice). For
an extended review and critical discussion of the vari-
ous theoretical scenarios we refer to (Joynt and Taillefer,
2002). Despite the large body of studies the search for
the correct order parameter symmetry has not been en-
tirely conclusive so far.
2. Further candidates
Nearly all of the systems covered in this review in one
way or the other may be candidates for multiple super-
conducting phases. The nature of these phases may be
quite different, representing either different order param-
eter symmetries or real space modulations with different
ordered state. In the following we draw attention to can-
didates, which await further clarification.
a. CeCu2Si2 As reviewed in sections II.A.1 and IV.B.1
recent high pressure studies in pure and Ge doped
CeCu2Si2 reveal the presence of two superconducting
domes (Fig. 3). At low pressures this material is a can-
didate for magnetically mediated pairing driven by the
vicinity to an antiferromagnetic quantum critical point.
At high pressures a second dome emerges and it has
been argued that this superconducting phase is related to
fluctuations in the charge density of a valence transition
(Holmes et al., 2004; Yuan et al., 2004).
b. CeNi2Ge2 At ambient pressure CeNi2Ge2 displays an
incipient form of superconductivity. It has been ar-
gued that the ambient pressure behavior is reminiscent of
CePd2Si2 in the vicinity of the critical pressure. Under
pressure the signatures of superconductivity vanish. At
high pressures an additional superconducting transition
emerges as shown in Fig. 4 (Grosche et al., 1997b). In
principle this second superconducting dome may hint at
an additional superconducting phase, but little is known
about this state.
c. CeIrIn5 Pure single crystals of CeIrIn5 display a dif-
ference of the temperature of a zero resistance transition,
Ts1 = 0.75 K and the bulk superconducting transition in
the specific heat, Ts2 = 0.4 K. It is tempting to attribute
the resistive transition to sample inhomogeneities. How-
ever, if the two transitions are intrinsic, it may signal the
presence of two superconducting instabilities, where the
first transition corresponds to incipient superconductiv-
ity.
d. UPd2Al3 In UPd2Al3 single crystals grown with an
Al-rich starting composition showed particularly sharp
superconducting transitions at Ts in the resistivity
(Sakon et al., 1993). This suggested an improved sample
quality. Remarkably the specific heat, thermal expan-
sion and elastic constants in these samples revealed an
additional anomaly around 0.6 K well below Ts (Matsui
et al., 1994; Sakon et al., 1994; Sato et al., 1994). The
nature of this transition has so far not been settled. Ei-
ther it signals an additional superconducting transition
akin the double transition observed in UPt3, or it cor-
responds to another ordering transition. For the first
case, it is conceivable that the antiferromagnetic order of
UPd2Al3 represents the symmetry breaking field. In the
latter case, it is possible that the emerging order leads
to an additional symmetry breaking of the superconduct-
ing order that may stabilize additional superconducting
phases.
e. URu2Si2 Early studies of the specific heat of the
superconducting transition in URu2Si2 showed features
reminiscent of the double transition in UPt3 (Hasselbach
et al., 1991). Detailed studies in high quality single crys-
tals did not confirm the first findings. Keeping in mind
that the tiny-moment antiferromagnetism in UPt3 rep-
resents the symmetry breaking field, that stabilizes the
different superconducting phases, it seems plausible that
the same might occur in URu2Si2. However, the anti-
ferromagnetism in URu2Si2 seems to be related to an
impurity phase. Moreover, under pressure the super-
conductivity vanishes, when large moment antiferromag-
netism appears. The observed change of curvature in Hc2
of URu2Si2 has motivated considerations of the possible
formation of a FFLO state. However, as discussed be-
low URu2Si2 does not develop a FFLO state. In turn
it is currently accepted that URu2Si2 does not support
additional superconducting phases.
f. UBe13 Doping UBe13 with Th results in the phase
diagram shown in Fig. 12 (Ott et al., 1986). For x1 =
0.02 < x < x2 = 0.042 two successive transitions at
Ts1 > Ts2 are observed in the specific heat. The on-
set of superconductivity is thereby at Ts1. The pres-
sure dependence of Th-doped samples also suggest the
existence of two superconducting phases (Lambert et al.,
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1986), where an investigation of the lower critical field
suggests that Ts2 indeed marks the onset of another su-
perconducting phase (Rauchschwalbe et al., 1987). A
group theoretical analysis of these properties has been re-
ported in (Luk’yanchuk and Mineev, 1989; Makhlin and
Mineev, 1992). However, it still seems unsettled whether
the lower transition at Ts2 indeed represents another su-
perconducting transition (Kumar and Wo¨lfle, 1987; Mar-
tisovits et al., 2000; Sigrist and Rice, 1989) or the onset
of a defect induced form of magnetic order as suggested
by µ-SR (Heffner et al., 1986).
g. UGe2 Pressure and magnetic field studies suggest
that the superconductivity in UGe2 is driven by the first
order transition between the FM1 and FM2 ferromag-
netic phases (Fig. 13). The superconductivity hence ex-
ists in the presence of two different forms of ferromagnetic
order. Theoretical considerations have shown, that the
order parameter symmetry in ferromagnetic supercon-
ductors depends on the orientation of the ferromagnetic
moment. Experimental evidence that tentatively sup-
ports different superconducting phases in the FM1 and
FM2 state may be seen in the discontinuity of Ts at px
and the reentrance of Hc2 for pressures just above px and
field applied along the crystallographic a-axis. However,
as discussed in section III.A.1, the magnetic anisotropy
of UGe2 remains unchanged under pressure. It therefore
appears unlikely that the superconducting phases in the
FM1 and FM2 state are fundamentally different. Further
studies will have clarify this issue.
h. URhGe One of the most unusual phase diagrams
amongst all f-electron superconductors is observed in
URhGe. As a function of magnetic field superconduc-
tivity is at first suppressed, but reappears at high mag-
netic fields, when the ordered moment is forced to rotate
from the c-axis to the b-axis. The phase diagram yields
up to three different superconducting phases: the zero
field state, the high field state below HR, where the mo-
ment is almost rotated into the b-axis and finally above
HR, where the moment is essentially aligned with the b-
axis. As for UGe2 the allowed order parameter symme-
tries have been worked out for the orthorhombic crystal
structure.
i. CePt3Si & CeMX3 The pressure versus temperature
phase diagram of the four non-centrosymmetric heavy-
fermion superconductors is dominated by a decreases of
the Neel temperature. The transiton line crosses the su-
perconducting dome in the middle, so that the phase di-
agram is comprised of a regime where TN > Ts and a
regime where TN has vanished. These two regimes are in
principle candidates for differences in the order parame-
ter.
FIG. 22 Superconducting phase diagram of PrOs4Sb12. Plot
taken from (Grube et al., 2006).
j. PrOs4Sb12 The superconducting state of PrOs4Sb12
exhibits several features that have been interpreted as
tentative evidence for multiple superconducting phases.
The specific heat of PrOs4Sb12 displays two supercon-
ducting transitions (Huxley et al., 2004; Measson et al.,
2004; Vollmer et al., 2003), where doping by Ru and La
stabilizes the upper transition while mechanical thinning
stabilizes the lower transition. However, the origin of the
double transition is a controversial issue, where recent
studies suggest that it may of extrinsic origin (Kasa-
hara et al., 2008; Me´asson et al., 2008; Seyfarth et al.,
2006) (for details see section IV.C). As shown in Fig. 22
tentative transition lines in the susceptibility and a va-
riety of other quantities may be traced all the way to
zero temperature. Studies of the thermal conductivity
(Izawa et al., 2003) also suggest multiple superconduct-
ing phases, but with a different phase diagram that is not
matched by any other property. Finally, high precision
measurements of the magnetization suggest the possible
existence of yet another transition line at very low fields
(Cichorek et al., 2005). A comprehensive discussion along
with detailed measurements of the specific heat and AC
susceptibility have been given by (Grube et al., 2006).
B. Textures
An important fundamental and technological question
in condensed matter systems are weak interactions that
cause the formation of intermediate- and long-scale tex-
tures. The f-electron superconductors reviewed here ex-
hibit several forms of electronic order and thus posses dif-
ferent types of characteristic rigidities. As far as the su-
perconducting state is concerned these are the coherence
length and penetration depth, while the magnetic state is
characterized by the spin-wave stiffness, spin-orbit cou-
pling, CEF pinning potential and dipolar interactions.
As a first example the competition of exchange splitting
with superconducting pairing is addressed. This compe-
tition may result in real-space modulations of the super-
conductivity and spin polarization as reviewed in section
[V.B.1]. The possible interplay of ferromagnetic domain
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structures and superconductivity is briefly addressed in
section [V.B.2].
1. Fulde-Ferrell-Larkin-Ovchinnikov states
The novel forms of superconductivity of interest in the
present review are characterized by real space modula-
tions and anisotropies of the superconducting gap func-
tion that are caused by a loss of symmetries beyond those
of the underlying crystal structure. In turn the phase
rigidity of the superconducting condensate in these su-
perconductors yields changes of sign in momentum space.
An entirely different class of novel superconducting states
was predicted by Fulde, Ferrel, Larkin and Ovchinnikov
(FFLO) (Fulde and Ferrell, 1964; Larkin and Ovchin-
nikov, 1965). As opposed to changes in momentum space
in the FFLO state the order parameter changes sign in
real space. In its original version the FFLO state consid-
ered superconductivity in the presence of a strong uni-
form exchange field. The Cooper pairs thereby form be-
tween Zeeman split parts of the Fermi surface, so that
pairing with a finite momentum ~q is stabilized, where
(~k ↑,−~k + ~q ↓). In the following we will briefly review
the current status of FFLO states in the f-electron su-
perconductors addressed in this paper. Detailed reviews
may be found, e.g, in (Buzdin et al., 1997; Casalbuoni
and Nardulli, 2004; Matsuda and Shimahara, 2007); for
recent theory see (Houzet and Mineev, 2006, 2007).
Despite intense efforts, only a small number of can-
didate materials could be identified that may support
an FFLO state, notably heavy fermion superconductors
and quasi-two-dimensional organic superconductors for
fields parallel to the layers (Burkhardt and Rainer, 1994;
Buzdin and Kachkachi, 1997; Dupuis, 1995; Gloos et al.,
1993; Gruenberg and Gunther, 1966; Shimahara, 1994;
Tachiki et al., 1996; Yin and Maki, 1993). This may be
traced back to the rather severe conditions under which
the FFLO state is expected to form. As a first precon-
dition, pair breaking in applied magnetic fields must be
dominated by paramagnetic limiting and not orbital lim-
iting (Gruenberg and Gunther, 1966). Second, impurities
are detrimental to the FFLO state, making high-purity
samples a key requirement (Aslamazov, 1969; Takada and
Izuyama, 1969). Third, large anisotropies of the Fermi
surface are favorable to the FFLO state.
FFLO considered the effects of a uniform exchange
field on s-wave superconductors. In the presence of pure
orbital limiting the superconducting transition is second
order at all magnetic fields and the superconductivity
is unchanged by the exchange field. In contrast, in the
presence of pure Pauli limiting the superconducting tran-
sition changes in finite fields from second to first order for
temperatures below T † = 0.56Ts (Ketterson and Song,
1999; Saint-James et al., 1969). Below T † an inhomoge-
neous form of superconductivity stabilizes, in which the
Cooper pairs support a finite momentum (~k ↑,−~k + ~q ↓).
In the bulk properties the signature of the FFLO state
is an increase of Hc2 below T †, that may be accompanied
by a change of curvature. The size of this increase de-
pends sensitively on the anisotropy of the Fermi surface
ranging from 7% of the Pauli limit for three dimensions
(Fulde and Ferrell, 1964; Larkin and Ovchinnikov, 1965;
Saint-James et al., 1969; Takada and Izuyama, 1969),
over 42% for two dimensions (Aoi et al., 1974; Bulaevskii,
1974; Burkhardt and Rainer, 1994; Shimahara, 1994) to
a divergence for one dimension (Machida and Nakanishi,
1984; Suzumura and Ishino, 1983). Microscopically the
FFLO state consists in spatial modulations of the super-
conductivity in real space, for which the order parameter
may be given in general as ∆(~r) =
∑M
m=1 ∆m exp
i~qm·~r
(Bowers and Rajagopal, 2002; Combescot and Tonini,
2005; Fulde and Ferrell, 1964; Larkin and Ovchinnikov,
1965; Mora and Combescot, 2004, 2005; Shimahara, 1998;
Wang et al., 2006). The superposition of degenerate com-
ponents then yields a rich variety of symmetries of the
real space modulations, e.g., hexagonal, square, triangu-
lar and one-dimensional modulations.
It has long been appreciated that the stringent re-
quirements for an FFLO state may be satisfied in su-
perconductors with short coherence length, because the
orbital limiting field diverges as Horbc2 ∝ 1/ξ2 so that
Pauli limiting may dominate. Prime examples are the
heavy fermion superconductors reviewed here. The situ-
ation for an FFLO state then involves (i) a finite admix-
ture of orbital limiting, (ii) the coexistence of antiferro-
or ferromagnetic order, and (iii) anisotropic (unconven-
tional) order parameter symmetries. The exploration of
these issues has stimulated a large number of theoreti-
cal studies (Adachi and Ikeda, 2003; Buzdin and Brison,
1996a,b; Gruenberg and Gunther, 1966; Houzet and Mi-
neev, 2006; Klein et al., 2000; Shimahara et al., 1996;
Shimahara and Rainer, 1997; Suginishi and Shimahara,
2006; Tachiki et al., 1996; Yang and MacDonald, 2004).
For a recent review of these studies we refer to (Matsuda
and Shimahara, 2007).
The question, whether FFLO states exist in heavy
fermion superconductors has been explored in a number
of systems. For instance, the AC susceptibility, magneti-
zation, ultrasound velocity and thermal expansion near
Hc2 in CeRu2 and UPd2Al3 exhibit the characteristics of
a peak effect (Gegenwart et al., 1996; Haga et al., 1996;
Steglich et al., 1996; Tachiki et al., 1996; Takahashi et al.,
1996). It is now broadly accepted that these features do
not yield microscopic characteristics related to a FFLO
state, but instead may be due to subtle forms of defect
related pinning. Further candidates for an FFLO state
are URu2Si2 and UBe13, which display additional contri-
butions in Hc2 (Brison et al., 1995; Buzdin and Brison,
1996a,b; Gle´mot et al., 1999). For URu2Si2 this contri-
bution is seen for the c-axis and rather small. In con-
trast UBe13 displays a change of curvature in Hc2(T ). It
has been shown that these features are consistent with a
vicinity to the FFLO formation, but the FFLO state does
not form. Possible explanations include the sample pu-
rity, which is very good but does not reach the exception-
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FIG. 23 Superconducting phase diagram of CeCoIn5. In the
low temperature limit a body of evidence suggests the for-
mation of a FFLO state (pink shading). Plot taken from
(Matsuda and Shimahara, 2007).
ally clean limit required. Candidates for a FFLO state
that have been identified recently in specific heat studies
under magnetic field are PuCoGa5, PuRhGa5 (Javorsky´
et al., 2007) and NpPd5Al2 (Aoki et al., 2007a).
The perhaps best candidate of an FFLO state known
to date has been identified in CeCoIn5 (Fig. 23). Sev-
eral features in the superconducting phase diagram have
been observed uniquely in CeCoIn5. The specific heat
(Bianchi et al., 2003a; Radovan et al., 2003), magneti-
zation, (Gratens et al., 2006) magnetostriction (Correa
et al., 2007), thermal conductivity (Capan et al., 2004),
penetration depth (Martin et al., 2005), ultrasound ve-
locity (Watanabe et al., 2004b) and NMR Knight shift
(Kakuyanagi et al., 2005; Kumagai et al., 2006; Mitrovic´
et al., 2006) show that the transition at Hc2 is first order
for T < 0.3Ts and T < 0.4Ts for field parallel and per-
pendicular to the c-axis, respectively. This is the behav-
ior expected for paramagnetic limiting of Hc2, where the
samples studied were readily in the ultra-pure limit, i.e.,
the coherence length is only a small fraction of the charge
carrier mean free path. It is thereby helpful to note that
the orbital limit Horbc2,ab = 38.6 T and H
orb
c2,c = 11.7 T in-
ferred from the initial slope of Hc2 near Ts substantially
exceeds the experimentally observed values of Hc2. The
corresponding values of the Maki parameter near 5 ex-
ceed by a large margin the threshold of 1.8, above which
a FFLO state may be expected.
Specific heat and torque magnetization first identified
a second order phase transition line in the superconduct-
ing state that branches off from Hc2(T ) at a temperature
well below that of the change from second to first order
and decreases with decreasing temperature (see Fig. 23)
(Bianchi et al., 2002; Miclea et al., 2006). The presence
of this line was confirmed in subsequent measurements
of the penetration depth (Martin et al., 2005), thermal
conductivity (Capan et al., 2004), ultrasound velocity
(Watanabe et al., 2004b), magnetization (Gratens et al.,
2006), magnetostriction (Correa et al., 2007) and NMR
(Kakuyanagi et al., 2005; Mitrovic´ et al., 2006). The re-
sulting phase pocket is a strong contender for a FFLO
state.
The size of the novel phase pocket is anisotropic and
considerably smaller in a field perpendicular to the ab-
plane. The transition field is weakly temperature depen-
dent for field direction perpendicular to the ab-plane and
strongly field dependent for field direction parallel to the
ab-plane. The anisotropy suggests that the FFLO state
is more stable for field parallel to the ab-plane. This may
be related to the two-dimensional character of the Fermi
surface and the anisotropy of the spin fluctuation spec-
tra, where the latter appear to be involved in the pairing
interactions as discussed in section II.A.2.
Key characteristics observed for the novel phase pocket
may be summarized as follows. The penetration depth
in the ab-plane increases, consistent with a decrease of
the superfluid density (Martin et al., 2005). The ther-
mal conductivity, providing a directional probe of the
quasiparticle spectrum, is highly anisotropic. For heat
current parallel to the applied field the thermal conduc-
tivity is enhanced, while it has not been possible to clar-
ify changes of the thermal conductivity for heat current
transverse to the applied field. As this behavior is some-
what counterintuitive, it has been proposed that the in-
terplay of vortex lattice, spatial order parameter mod-
ulation and nodal gap structure results in an effective
increase of vortex cores in the nodal plane (Capan et al.,
2004).
The flux line lattice in CeCoIn5 has been studied, e.g.,
by the ultrasound velocity (Ikeda, 2006; Watanabe et al.,
2004b), which provides information on the pinning of the
vortex cores by defects. Notably it is possible to extract
information on the c44 dispersive flux line tilt mode. A
careful analysis of the decrease observed in c44 implies a
decrease of the superconducting volume fraction. Small
angle neutron scattering reported so far did not meet the
scattering condition necessary to probe the FFLO state
(Bianchi et al., 2008). Microscopic information on the
FFLO regime is also provided by NMR spectra of the
In(1) and In(2) sites in the CeIn3- and CoIn2 layers, re-
spectively (Kakuyanagi et al., 2005; Kumagai et al., 2006;
Mitrovic´ et al., 2006; Singleton et al., 2001; Young et al.,
2007). In the FFLO regime a key feature for both field
directions is the appearance of a second resonance line
in the superconducting state, where the lines are close to
the values of the normal and superconducting state, re-
spectively. It is currently unresolved if the NMR spectra
for field parallel to the ab-plane also reveal antiferromag-
netic components of the vortex cores (Kakuyanagi et al.,
2005; Miclea et al., 2006; Singleton et al., 2001; Young
et al., 2007). Moreover, Cd doping of CeCoIn5 leads to
a rapid suppression of the first order behavior of Hc2,
but Hg doping only smears out the phase pocket with-
out change of characteristic temperatures (Tokiwa et al.,
2008). These studies support a nonmagnetic origin of the
phase pocket, in the spirit of the original FFLO proposal.
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2. Magnetic domains versus flux lines
An issue that has not yet been explored experimen-
tally concerns the interplay of the length scales charac-
teristic of superconductivity with those characteristic of
competing or coexisting forms of order. For the case
of the superconducting ferromagnets several papers have
explored this question from a theoretical point of view,
e.g., (Buzdin and Mel’nikov, 2003; Sonin, 2002; Sonin and
Felner, 1998).
VI. PERSPECTIVES
Even though the first example of a heavy-fermion su-
perconductor, CeCu2Si2, was discovered nearly 30 years
ago, an impressive series of new systems with surpris-
ing combinations of properties have come to light only
recently This has resulted in two developments. First,
more systems are different and we are only beginning to
distinguish new classes of systems that are outside these
general patterns. Second, the more general experimental
ingredients controlling unconventional superconductivity
are finally becoming apparent. In the following we briefly
summarize these new developments.
Dominant interactions that control the properties of
f-electron compounds may be summarized as follows:
(i) the degree of f-electron localization, (ii) crystal elec-
tric fields, (iii) spin and orbital degrees of freedom and
their coupling, and (iv) electron-phonon interactions.
Amongst the large variety of f-electron superconductors
that have been discovered in recent years, there are can-
didates where any one of the first three interaction chan-
nels appears to dominate the pairing interactions. For
instance most of the members of the series CeM2X2 and
CenMmIn3n+2m are candidates for antiferromagnetically
mediated pairing. The U-compounds UGe2, URhGe and
UCoGe are candidates for ferromagnetically mediated
pairing. Systems like PrOs4Sb12 are candidates for pair-
ing by quadrupolar fluctuations, while CeCu2Si2 at high
pressure or the Pu-based superconductors are candidates
for valence fluctuations of the f-electrons and thus elec-
tron density. For instance, DMFT calculations reveal the
fluctuating valence of Pu between 4, 5 and 6, ending in
an average f-occupancy of 5.2. Despite their great micro-
scopic differences all of these systems may be combined
in a single graph shown in Fig. 19, where the supercon-
ducting transition temperature (here denoted as Tc) is
compared on logarithmic scales with characteristic tem-
perature scale T0 of the correlations (Sarrao and Thomp-
son, 2007). Note that because T0 represents essentially
an effective band width, this does not capture just spin
fluctuation mediated pairing.
Regarding the bulk properties of the f-electrons super-
conductors reviewed here a host of characteristics sug-
gests unconventional superconductivity with a complex
nodal structure of the superconducting gap. A particu-
larly remarkable property concerns the large upper criti-
cal field. In the immediate vicinity of a quantum critical
point these upper critical fields become additionally en-
hanced. Examples include URhGe, CeRhSi3 and CeIrSi3.
It will be every interesting to learn more about the mech-
anism underlying this exceptional enhancement.
A common theme for many of the systems covered in
this review is the vicinity of the superconductivity to
inherent Fermi surface instabilities. In the bulk prop-
erties this may be seen in the observed deviations from
Fermi liquid behavior. As a rather remarkable micro-
scopic piece of information quantum oscillatory studies
under pressure reveal changes of the Fermi surface topol-
ogy precisely where the superconductivity is most pro-
nounced. Examples include CeRh2Si2, CeIn3, CeRhIn5
and UGe2. This contrasts the traditional Ansatz to treat
superconductivity as a property of stable Fermi liquids.
It may therefore be highly instructive to investigate both
theoretically and experimentally scenarios of supercon-
ductivity in the vicinity of Fermi surface reconstructions.
For the case of the high-Tc cuprates this question has
been explored extensively in a variety of scenarios, such
as Pomeranchuk instabilities, preformed pairs, orbital
currents and stripes. In this context it is interesting to
consider, whether the recent discovery of electron-pockets
of the Fermi surface in a hole doped cuprate actually hits
on yet another analogy of the superconducting phases of
f-electron compounds (Pfleiderer and Hackl, 2007).
Many compounds discovered so far exhibit supercon-
ductivity in the vicinity of zero temperature instabilities.
Examples are the systems like CeM2X2, CenMmIn3n+2m,
UGe2, URhGe, UCoGe, UIr, CePt3Si and CeMX3. It has
thereby been noticed that moderate anisotropies of the
electronic and crystal structure promote the occurrence
of superconductivity, while full inversion symmetry of
the crystal structure does not seem to be a precondition.
These studies suggest as a requirement for superconduc-
tive pairing the need to balance stronger interactions that
would otherwise lead to other forms of order such as mag-
netism. Although this is an important theme, it is also
important to keep in mind that the recent discoveries
were made by following this approach experimentally to
start with. It is then interesting to note that a number of
compounds are also quite insensitive to pressure. Exam-
ples are CeCu2Ge2 above pc, UPd2Al3, UNi2Al3, UBe13.
This implies either, that we do not have an appropri-
ate control parameter to change the particular balance
in these compounds, or it suggests that unconventional
forms of superconductivity exist, that are much more ro-
bust and do not require the vicinity to a zero temperature
instability.
Experimentally the types of f-electron superconductors
observed so far enforce the question why heavy-fermion
superconductivity has only been observed in systems con-
taining Ce, Pr, U, Pu and Np? There is a priori no rea-
son, why compounds based on other f-electron elements
should not also exhibit unconventional forms of super-
conductivity. Clearly, as concerns the electronic proper-
ties of these compounds the understanding must be far
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from complete. For instance, superconductivity has re-
cently been reported in the Yb-boride β-YbAlB4 (Nakat-
suji et al., 2008) and pure Eu metal (Debessai et al.,
2009).
Last but not least, the importance of high sample qual-
ity cannot be emphasized enough. It is not just that the
unconventional superconductivity tends to be extraordi-
narily sensitive to defects. Well characterized high qual-
ity single crystals are also essential to unravel the precise
nature of the superconductivity alongside any other elec-
tronic properties in these compounds. Once high quality
samples are available, controlled experimental techniques
to systematically screen the evolution of these materials
as a function of a non-thermal control parameter have
become the outstanding tool.
We conclude this review with the remark, that it is
generally very difficult to assign unambiguously the pos-
sible pairing interactions to a single interaction channel
in a number of the f-electron compounds. For example
in UPd2Al3 both an antiferromagnetically mediated and
excitonic pairing mechanism have been proposed. This
underscores quite generally the need for a description
based on a coupling of two or more correlated subsys-
tems. From a purely esthetic point of view complex cou-
pled systems tend to appear less beautiful, because they
are generally over-parametrized and less tractable. How-
ever, the very need to consider these complexities also
emphasizes the enormous potential for new and entirely
unexpected phenomena, many of which are yet to be dis-
covered.
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